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Abstract 

 

 The pollution of streams and rivers is a growing concern, and environmental guidance 

increasingly suggests stream restoration to improve water quality.  Solute retention in off-channel storage 

zones such as hyporheic zones and floodplains is typically necessary for significant reaction to occur.  Yet 

the effects of two common restoration techniques, in-stream structures and inset floodplains, on solute 

retention have not been rigorously compared.  We used MIKE SHE to model hydraulics and solute 

transport in the channel, inset floodplain, and hyporheic zone of a 2
nd

 order stream.  We varied hydraulic 

conditions (winter baseflow, summer baseflow, and storm flow), geology (hydraulic conductivity), and 

stream restoration design parameters (inset floodplain length, and presence of in-stream structures).  

In-stream structures induced hyporheic exchange during summer baseflow with a low groundwater table 

(~20% of the year), while floodplains only retained solutes during storm flow conditions (~1% of the 

year).  Flow through the hyporheic zone increased linearly with hydraulic conductivity, while residence 

times decreased linearly.  Flow through inset floodplains and residence times in both the channel and 

floodplains increased non-linearly with the fraction of bank with floodplains installed.  The fraction of 

stream flow that entered inset floodplains was one to three orders of magnitude higher than that through 

the hyporheic zone, while the residence time and mass storage in the hyporheic zone was one to five 

orders of magnitude larger than that in floodplain segments.  Our model results suggest that in-stream 

structures and inset floodplains are complementary practices.
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1. Introduction 

1.1. Background 

 The health of streams and rivers in the United States has been degrading since the industrial 

revolution, with human impacts having an assortment of negative consequences [FISRWG, 1998].  For 

example, increasing impervious areas and the channelization of natural waterways is leading to higher 

channel velocities.  Erosion due in part to higher channel velocities increases the loading of fine 

sediments, while shorter residence times limit pollutant attenuation.  The application of fertilizers has 

further exacerbated this problem as nutrients (e.g., nitrogen and phosphorous) are added directly to lawns 

and agricultural fields, and often flow directly into streams and rivers with runoff [Royer et al., 2006; 

Walsh et al., 2005].  These nutrients along with fine sediment are currently the primary pollutants 

impacting streams in the United States [Langland et al., 2000].  As a result of the prevalence of these 

impairments, stream restoration is a flourishing industry [Bernhardt et al., 2005]. 

 In practice the term “stream restoration” includes the processes associated with stream recovery, 

reestablishment, rehabilitation, and restoration [Sawyer et al., 2011; Sear, 1994], and this is the 

terminology that will be used for this thesis.  Stream restoration projects are often implemented in the 

United States as a result of stream mitigation (restoring a stream as a result of impacting another stream at 

a different location) [BenDor et al., 2009], the Endangered Species Act [Roni et al., 2002], and 

increasingly stringent regulations associated with Clean Water Act [Copeland, 2006].  The Clean Water 

Act has led to an increased focus on improving water quality in channels (e.g., reducing nitrate, 

phosphorous, and fine sediment) making it a common impetus for stream restoration projects [Copeland, 

2006; Schueler and Stack, 2012].  There are various types of stream restoration practices and many of 

these are believed to improve water quality.  These practices include channel realignment [Mason et al., 

2012], riparian planting [Roni et al., 2002], installation of in-stream structures [Hester and Gooseff, 2010; 

Radspinner et al., 2010], and floodplain reconnection [Opperman et al., 2009].   

 For significant reaction of channel-borne pollutants to occur, all reactants must be present 

[Schnoor, 1996], there must be a sufficient residence time [Schnoor, 1996; Zarnetske et al., 2011; 

Zarnetske et al., 2012], and a sufficient proportion of stream flow must enter retention zones [Wondzell, 

2011].  The maximum pollutant reaction potential of a system can then be assessed by analyzing solute 

retention (percent flow and residence time) and assuming all reactants are present.  By analyzing the 

solute retention associated with different stream restoration practices the pollutant attenuation potential 

for individual stream restoration practices can be compared.  The focus of this study will be on the solute 

retention associated with channel spanning in-stream structures and inset floodplains implemented in 

tandem for a stream in Virginia.   
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 Inset floodplains (also known as in-channel benches, two-stage channels, berms, and incipient 

floodplains) are small floodplain benches at some elevation above the channel bed but below the standard 

bankfull floodplain [Royall et al., 2010].  Inset floodplains are installed to decrease flow velocities during 

storms, often leading to a reduction in erosion [Roley et al., 2012; Thompson et al., 2012].  Floodplain 

sediment is well suited for reactions that attenuate pollutants, so water quality improvements are another 

potential benefit [Noe and Hupp, 2007; Roley et al., 2012].  Channel spanning in-stream structures are 

common features of stream restoration projects, and include rock cross vanes [Buchanan et al., 2012; 

Daniluk et al., 2012; Rosgen, 2001], channel spanning wooden logs [Sawyer and Cardenas, 2012; Sawyer 

et al., 2011], and steps [Chin et al., 2009; Endreny et al., 2011].  In-stream structures are typically 

installed for bed stabilization or habitat creation [FISRWG, 1998; Rosgen, 2001], but they also create 

drops in the water surface that induce hyporheic flow where short flowpaths leave and return to the 

surface stream [Hester and Doyle, 2008; Lautz and Siegel, 2006].  This in-stream structure induced 

hyporheic exchange augments the hyporheic exchange that occurs naturally in stream systems.  Natural 

hyporheic exchange can occur at meander bends [Boano et al., 2006], and pool-riffle sequences [Storey et 

al., 2003].   

 Both in-stream structure induced hyporheic zones and inset floodplains may improve the 

ecological health of streams [Hester and Gooseff, 2010; Roley et al., 2012].  In particular both can act as 

sinks of pollutants including nitrate [Creswell et al., 2008; Haycock and Burt, 1993; Noe and Hupp, 2007; 

Zarnetske et al., 2011] and phosphorous [Heeren et al., 2011; Noe and Hupp, 2007].  By understanding 

and comparing the retention capabilities of each of these practices, their potential for improving water 

quality can be estimated.  Studies like this are vital to better recognize how the various stream restoration 

practices retain solutes when installed in tandem, and will lead to a greater understanding of factors 

controlling water quality improvements. 

  

1.2. Research Objectives  

 The objective of this study was to compare hyporheic solute retention induced by in-stream 

structures with surface solute retention induced by inset floodplains.  Solute retention is an indicator of 

the water quality improvement potential for a stream.  For this study we used numerical modeling of 

surface water and groundwater hydraulics and coupled solute tracer transport using MIKE SHE for a 

90 m reach of Stroubles Creek in Blacksburg, Virginia.  A model was created for Stroubles Creek and the 

geology (hydraulic conductivity), hydraulics (groundwater levels and stream stage) and restoration design 

(inset floodplain length and presence of in-stream structures) were varied.  The rRetention metrics (i.e. 

flow, mass storage, and residence times) were analyzed for each model scenario.  Our specific objectives 
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were to determine how inset floodplain induced surface solute retention and in-stream structure induced 

hyporheic solute retention differed in terms of:  

(1) When during the year they were active; 

(2) The proportion of stream flow expected to travel through them when active; 

(3) Their residence times (and corresponding effect on reach residence time); and 

(4) The total mass of solute stored.   

 

1.3. Organization of Thesis   

 This document is organized around a journal article that will be submitted for publication in 

Water Resources Research.  This article is located in Section 2 of this thesis and is the central component 

of this study.  Section 3 is a summary of the engineering significance of this study, and it is followed by 

supporting material with a more detailed description of modeling methodology used for this study.   

 

Section 2 
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2. Complementary Effects of In-Stream Structures and Inset Floodplains on Solute Retention 

2.1. Introduction 

2.1.1. Stream Restoration Goals and Techniques 

 The degradation of streams and rivers in the United States is well documented [FISRWG, 1998], 

and stream restoration is a flourishing industry [Bernhardt et al., 2005].  Typical objectives of restoration 

include improving bank stability [Buchanan et al., 2012], aesthetics [Kondolf and Micheli, 1995], habitat 

creation [Box, 1996; Roni et al., 2002], and water quality [Craig et al., 2008; Filoso and Palmer, 2011].  

Stream restoration projects are often implemented to mitigate impacts elsewhere [BenDor et al., 2009], to 

create habitat under the Endangered Species Act [Roni et al., 2002], and increasingly to improve water 

quality under the Clean Water Act [Copeland, 2006][Copeland, 2006; Schueler and Stack, 2012].  Stream 

restoration strategies such as channel realignment [Mason et al., 2012], riparian planting [Roni et al., 

2002], installation of in-stream structures [Hester and Gooseff, 2010; Radspinner et al., 2010], and 

floodplain reconnection [Opperman et al., 2009] help meet multiple restoration objectives (including 

improving water quality), although they are often installed with a single objective in mind.   

 Channel spanning in-stream structures are a common feature of stream restoration projects, and 

include rock cross vanes [Rosgen, 2001; Buchanan et al., 2012; Daniluk et al., 2012], channel-spanning 

logs [Sawyer et al., 2011; Sawyer and Cardenas, 2012], and steps [Chin et al., 2009; Endreny et al., 

2011a].  In-stream structures are typically installed for bed stabilization or habitat creation [FISRWG, 

1998; Rosgen, 2001], but they also create drops in the water surface which induce hyporheic flow where 

short flowpaths leave and return to the surface stream  [Wondzell and Swanson, 1996; Lautz and Siegel, 

2006; Hester and Doyle, 2008; Wondzell, 2011; Ward et al., 2012] .  Such structure induced “hyporheic 

flow cells” augment similar exchange zones that occur naturally due to meander bends [Boano et al., 

2006],  and pool-riffle sequences [Storey et al., 2003], as well asand turbulence in coarse substrate 

[Nagaoka and Ohgaki, 1990].  Such hyporheic zones create benthic or hyporheic habitat, cycle nutrients, 

attenuate pollutants, and moderate temperature; all of which can improve the ecological health of a stream 

[Brunke and Gonser, 1997].  Potential water quality improvements (e.g., denitrification) due to hyporheic 

flow are of particular interest for this study, though the hyporheic zone can act as either a source or a sink 

of pollutants [Creswell et al., 2008; Zarnetske et al., 2011]. 

 Inset floodplains (also known as in-channel benches, two-stage channels, berms, and incipient 

floodplains) are small floodplain benches at some elevation above the channel bed but below the standard 

bankfull floodplain [Royall et al., 2010].  Inset floodplains form naturally when streams are recovering 

from extreme bank erosion linked to high flood frequencies [Royall et al., 2010], and have been found to 

retain organic material [Changxing et al., 1999; Thoms and Olley, 2004].  Unlike bankfull floodplains that 

are typically inundated annually or biannually [Soar and Thorne, 2011], inset floodplains are inundated 
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several times during the course of the year.  Bankfull floodplains act as either sources or sinks of 

pollutants (e.g., excess nitrate and phosphorous) for short duration floods [Haycock and Burt, 1993; Noe 

and Hupp, 2007; Heeren et al., 2011].  Since inset floodplains are also typically inundated for short 

durations, similar processes are expected.  Relatively few studies have investigated pollutant removal due 

specifically to inset floodplains, although inset floodplains can increase denitrification potential in 

streams [Roley et al., 2012b; Roley et al., 2012a].   

 

2.1.2. Effects of Multiple Techniques on Solute Retention and Water Quality  

 A few studies have observed the effects of complementary stream restoration practices, including 

the effects of riparian vegetation and baffles [Ensign and Doyle, 2005], and the effects of adding stream 

features (e.g. pools and riffles) and relocating a channel to its floodplain [Bukaveckas, 2007].  Other 

studies have observed how specific restoration design choices coupled with various environmental factors 

affect solute retention in the hyporheic zone [Hester and Doyle, 2008; Sawyer et al., 2011] or inset 

floodplains [Roley et al., 2012a].  Yet the complementary nature of in-stream structures and inset 

floodplains has not been analyzed to our knowledge.   

 For significant reaction of channel-borne pollutants to occur, all reactants must be present 

[Schnoor, 1996], there must be a sufficient residence time [Schnoor, 1996; Zarnetske et al., 2011; 

Zarnetske et al., 2012], and a sufficient proportion of stream flow must enter the retention zone (percent 

flow) [Wondzell, 2011].  The maximum pollutant reaction potential of a system can be assessed by 

analyzing solute retention (percent flow and residence time) and assuming all reactants are present.  

Pollution attenuation (e.g., denitrification) in river networks is typically concentrated in small streams 

[Alexander et al., 2000].  The fraction of stream flow entering the hyporheic zone is typically expected to 

be low [Wondzell, 2011], although residence times are generally sufficient for reactions to occur 

[Zarnetske et al., 2011; Zarnetske et al., 2012].  Neither the fraction of channel water traveling through 

inset floodplains, nor inset floodplain residence times have been analyzed previously.   

 Pollution of waterways from nutrient loading is a major concern in the United States [Cerco and 

Cole, 1993; Rabalais et al., 2002].  Excess nitrogen is considered one of the great engineering challenges 

of the twenty-first century [Vest, 2008].  A significant portion of pollutants travel downstream during 

storm flows [Owens et al., 1991; Royer et al., 2006], with some (e.g., phosphorous and fine sediment) 

moving downstream principally during storm flow, while others (e.g. nitrate) are transported more evenly 

between storm and non-storm events [Pionke et al., 1999].  Stream restoration techniques will vary in 

their effects among these different flow regimes.  Inset floodplains by definition are only activated during 

storms, and are disengaged during most of the year.  They have potential for removing nitrate (via 

denitrification) during storms [Roley et al., 2012b; Roley et al., 2012a], although they can also be net 
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sources of nitrate [Noe and Hupp, 2007].  By contrast, in-stream structures lead to solute retention 

primarily during baseflow [Wondzell and Swanson, 1996; Ward et al., 2012] by inducing hyporheic flow 

cells and in-channel backwater storage [Ensign and Doyle, 2005; Hester and Doyle, 2008].  Hyporheic 

zones have been much discussed for their promise of water quality benefits [Hester and Gooseff, 2010], 

and have been shown to be effective at attenuating pollutants during baseflow [Kim et al., 1995].  

In-stream structures and inset floodplains may therefore complement each other in regards to when they 

are important (i.e. baseflow or storm flow), and what reaction condition they maximize (e.g., residence 

time or percent of stream flow entering retention zone).   

 

2.1.3. Objectives of Study  

 The aim of this study was to compare hyporheic solute retention induced by in-stream structures 

with surface solute retention within inset floodplains.  We numerically modeled surface water and 

groundwater hydraulics and coupled conservative tracer transport in a 90 m reach of Stroubles Creek in 

Blacksburg, Virginia.  Our specific objectives were to determine how inset floodplain and in-stream 

structure induced solute retention differ in terms of: (1) when during the year they are active; (2) the 

proportion of stream flow expected to travel through them when active; (3) their residence times (and 

corresponding effect on reach residence time); and (4) the total mass of solute stored.  We analyzed these 

retention metrics while varying the restoration design parameters (e.g., inset floodplain length), geology, 

and hydraulic conditions. 

 

2.2. Methods 

2.2.1. Model Selection and Governing Equations   

 We used MIKE SHE, a finite difference integrated hydraulic model with coupled 

three-dimensional groundwater and two-dimensional surface water [Graham and Butts, 2005; DHI, 

2011].  The groundwater component of MIKE SHE uses the groundwater flow equation: 

 

 

  
(   

  

  
)  

 

  
(   

  

  
)  

 

  
(   

  

  
)     

  

  
 (1) 

 

where Kxx is the hydraulic conductivity in the x direction (m/s), Kyy is the hydraulic conductivity in the 

y direction (m/s), Kzz is the hydraulic conductivity in the z direction (m/s), h is the hydraulic head, Q is 

the source/sink term (m
3
/s), and S is the storage coefficient (m

-1
) [DHI, 2011].  MIKE SHE uses a fully 

implicit three-dimensional finite difference algorithm to solve the groundwater flow equation [Graham 

and Butts, 2005].  The surface water component of MIKE SHE uses the two-dimensional diffusive wave 
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approximation of the Saint Venant equation solved using an explicit algorithm [Graham and Butts, 2005].  

The Saint Venant Equation in the downstream direction is: 

 

  

  
  

  

  
  

  

  
  (     )    (2) 

( )         (  )       (   )         (  )    ( ) 

 

where x is the distance in the downstream direction (m), u is the velocity component in the x direction 

(m/s), t is time (s), g is gravity (m/s
2
), h is the depth of water (m), Sf is the slope of the energy grade line 

(dimensionless), and S0 is the channel slope (dimensionless) [Moussa and Bocquillon, 2000; Tsai, 2005].  

The terms above describe (i) local acceleration, (ii) convective acceleration, (iii) pressure gradient, (iv) 

friction, and (v) gravity.  For the transverse direction Equation (2) is written in terms of y (the distance in 

the transverse direction) and v (the velocity in the y direction) instead of x and u respectively [DHI, 

2011].   

 The diffusive wave assumes that the local acceleration (i) and the convective acceleration (ii) can 

be disregarded, which is reasonable since the pressure gradient (iii) and the slope (v) are generally an 

order of magnitude larger than these terms [Henderson, 1966].  In this study hydraulics were run to steady 

state so the local acceleration (i) is zero and only the convective acceleration (ii) is omitted.  Generally, 

simplifications of Saint Venant equation lead to similar results to the full equation but take less time to 

run [Horritt and Bates, 2001].  The diffusive wave simplification has been used successfully in various 

studies where overbank flooding occurs [Hromadka et al., 1985; Giammarco et al., 1996; Weill et al., 

2009].   

 

2.2.2. Model Setup 

2.2.2.1. Study Site 

 The study site is a 90 m long reach of a 1.5 km restored segment of Stroubles Creek, a 2
nd

 order 

stream in Blacksburg Virginia.  The site is within the Stream Research, Education, and Management Lab 

(StREAM Lab, http://www.bse.vt.edu/site /streamlab/index.html) that has been monitored by the Virginia 

Tech Biological Systems Engineering Department since 2008 [Thompson et al., 2012].  The drainage area 

of the reach is approximately 15 km
2
, with primarily urban and agricultural land use.  Prior to restoration 

completion in 2010, inset floodplains were forming naturally at several meanders.  As a result, inset 

floodplains were incorporated into the restoration design along with riparian zone planting and bank 

stabilization.  Vegetation ranges from grasses to brush on the inset floodplains.  Vegetation is primarily 

grasses on the bankfull floodplain along with saplings planted during the restoration.  The inset 

floodplains were originally designed to contain the 2.5 year flood while not mobilizing sediment larger 

http://www.bse.vt.edu/site%20/streamlab/index.html
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than the 84
th
 quantile of the bed grain size distribution [Resop, 2010]. There are currently no in-stream 

structures present.  We chose this location for our modeling study because (1) the drainage area was both 

urban and agricultural and was therefore a typical candidate for restoration [FISRWG, 1998], (2) both 

natural and constructed inset floodplains were present, (3) hydrologic data was available for model 

development, and (4) if research results were favorable in-stream structures could be installed in the 

future. 

 

2.2.2.2. Model Domain and Computational Grid  

 We determined the location and extent of the model domain were based on the geometry of 

Stroubles Creek and the availability of groundwater data.  Restoration of 1.5 km of Stroubles was 

completed in early 2010; however, inset floodplains were only installed along a 500 m reach [Wynn et al., 

2010].  Within this reach there is a transect of 6 piezometer nests oriented perpendicularly to the channel 

with 3 nests extending east and 3 extending west.  We used water level data from the 4 piezometer nests 

closest to the streams to represent the groundwater conditions adjacent to the stream (Figure 1).  Each nest 

is composed of a shallow and a deep piezometer, although only the deep piezometers were used for this 

study because the water table was often below the shallow piezometers.  There are intermittent water 

table data from this transect from 2010 to 2012, as well as approximately one year of continuous data in 

2010.  The model domain extended laterally (perpendicularly to the channel) out to the 2
nd

 piezometer 

nest away from the channel resulting in a model width of 75 m. m.  This allowed hydraulic data from 

these piezometers to be used as boundary conditions.  The longitudinal model domain length (100 m) was 

chosen to include a sufficient number of meanders for analysis of inset floodplains (four).  The grid 

discretization (1 m by 1 m) was selected as a compromise between model run time and a grid resolution 

fine enough to adequately simulate structure-induced hyporheic flow and produce a relatively smooth 

channel bed.  The horizontal pattern of groundwater and surface water grids in MIKE SHE must be 

identical [DHI, 2011] so both the surface water and groundwater grid were 1 m
2
 in the horizontal 

direction.  With this grid resolution there were 102 rows, 77 columns, and 7,850 cells. 

 The groundwater layer thickness was held constant vertically (i.e., at a given horizontal location), 

but varied when moving from one cell to another laterally or longitudinally.  The groundwater layer 

thickness below the thalweg was set to 0.2 m.  The lower extent of the groundwater domain (5 m below 

the thalweg) was selected so hyporheic flow was not affected by the no-flow boundary at the bottom of 

the model domain. The number of vertical layers (25) was held constant horizontally throughout the 

model domain such that the layers were thicker beneath the bankfull floodplain than beneath the channel.   
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2.2.2.3. Topography and Bathymetry, Including Inset Floodplains 

 We derived surface topography from stream cross sections surveyed in 2012 superimposed over a 

LIDAR elevation grid from 2009 (pre-restoration).  The points were converted to a raster in ArcGIS, then 

imported and interpolated into a 1 m by 1 m MIKE elevation grid file.  Inset floodplains were surveyed at 

the restored reach of Stroubles Creek during the summer of 2012 using a Johnson Level & Tool electronic 

self-leveling horizontal rotary laser level (40-6535).  Seven transects were surveyed at approximately 

50 m intervals down the channel, with elevations measured at a maximum of 2 m horizontal intervals 

along the transects.  The thalweg as well as the edges of bankfull floodplains, inset floodplains, and the 

channel were also surveyed at each transect.   

 To help generalize our results, we created a simplified channel-floodplain cross section by taking 

the averages of key geometric parameters from the 7 surveyed cross sections (Figure 2).  The average 

longitudinal channel slope of 0.0023 m/m was calculated from a 2011 StREAM lab survey, and a 

pre-restoration “incised” bank slope was estimated from a 2009 StREAM lab stream survey.  The incised 

bank slope was used for cross sections where inset floodplains were not present.  We estimated the apex 

of the four primary meanders, and the inset floodplain segments were centered at these locations.  

Elevation grids were created such that the inset floodplain length at each meander was 0, 10, 20, and 30 

meters long (centered at the meander apex, ) (Figure 1).  We also created a full inset floodplain scenario 

that extended as far as the most downstream and upstream segments of the 30 m inset floodplains on both 

banks without any breaks (the length for this scenario is 90 m).  These inset floodplain lengths were 

specific to Stroubles Creek so we generalized the length by calculating 

 

   
   

  
 (3) 

 

where Fb is the fraction of bank with inset floodplain, LFP is the total length of inset floodplain added (m), 

and LB is the total length of stream bank (m).  The 5 different floodplain scenarios discussed above 

correspond with a Fb of 0.00, 0.22, 0.44, 0.67, and 1.0, respectively.  We superimposed the simplified 

cross sections over the LIDAR grid creating grid files with the existing LIDAR derived topography 

overlaid with the interpolated channel for each of the inset floodplain scenarios. 
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Figure 1. Inset floodplain location and extent for all floodplain scenarios modeled.   Floodplain scenarios 

are defined by their length of individual inset floodplains and fraction of bank with floodplains (Fb).  The 

model grid is displayed for a portion of the model domain, and the location where the breakthrough tracer 
curve (BTC) is taken downstream of the floodplain is also shown (see Results).  Arrows indicate direction 

of stream flow.   
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Figure 2.  Simplified channel and floodplain cross section geometry used for modeling with restored 

inset floodplain (left bank), and pre-restoration incised bank (right bank).  We used four variations of this 
cross section: incised channel on both banks, inset floodplain on the left bank only (shown), inset 

floodplain on the right bank only, and inset floodplain on both banks. 

 

 

2.2.2.4. Surface Water Properties 

 There are three physical inputs for modeling surface water hydraulics and solute transport in 

MIKE SHE: Manning’s roughness coefficient (n), the transverse dispersion coefficient (εt), and the 

longitudinal dispersion coefficient [DHI, 2011].  We estimated n using the methods outlined by McCuen 

[2005] for the main channel and from Arcement et al. [1989] for the inset floodplain.  Both methods are 

based on channel and floodplain properties (i.e. regularity of channel, flow obstructions, variation of 

x-sections, vegetation, and degree of meandering).  GIS was used to calculate the sinuosity while a field 

inspection was used to estimate the remaining parameters.  The channel n used for modeling was 0.03 and 

the inset floodplain n during the summer was 0.07.  We conducted a sensitivity analysis to confirm that 

varying n from our assumed values did not affect our conclusions (see Discussion).  

 We estimated εt in the field using the method outlined by Fischer [1979] for side discharge of a 

conservative visual tracer (i.e. suspended silt particles) using   

 

  
    ̅  

  
 (4) 

 

where L is the mixing length (m), ū is the average stream velocity (m/s), W is the channel width (m), and 

εt is the dispersion coefficient in the transverse direction (m
2
/s).  We estimated the mixing length at 14 
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m, m, corresponding to an εt of 0.04 m
2
/s, consistent with other field studies [Fischer, 1973; Fischer et 

al., 1979].  We conducted a sensitivity analysis to confirm that varying εt from our assumed values did 

not significantly affect our conclusions (see Discussion). When considering longitudinal mixing, the 

effects of advection and longitudinal dispersion are additive [Fischer et al., 1979].  Since advective 

mixing is approximately 40 times larger than longitudinal dispersion [Fischer et al., 1979], a longitudinal 

dispersion coefficient of 0 is was used.   

 

2.2.2.5. Soil/Sediment Properties  

 We used two porous media textures in the model: clay loam (bank and floodplain soil) and 

silty-gravel (stream bed and aquifer, Figure 3).  We selected values for hydraulic conductivity (K) from 

StREAM Lab field slug tests performed in the summer of 2009 and from accepted literature values [Holtz 

and Kovacs, 1981; Anderson and Woessner, 1992] (Table 1).  The base case stream sediment and aquifer 

K used for the study was 1×10
-6
 m/s.  We used accepted values from the literature for porosity, specific 

yield, and specific storage [Freeze and Cherry, 1979; Holtz and Kovacs, 1981; Anderson and Woessner, 

1992]. Groundwater hydrodynamic dispersivities were set to representative values for local dispersivity 

from the literature [Gelhar et al., 1992; Cirpka et al., 1999; Cirpka and Kitanidis, 2000; Sawyer and 

Cardenas, 2012] (Table 1).  The location of the two soils was based on StREAM Lab soil borings, and 

cells that included both soil types used a weighted average to calculate hydraulic properties.  We varied 

the K of the stream bed and aquifer from a silty-clay (1×10
-8
 m/s) to a coarse sand (1×10

-4
 m/s) [Holtz and 

Kovacs, 1981; Anderson and Woessner, 1992]. This represented urban and agricultural streams where fine 

sediments are prevalent [Wood and Armitage, 1997; Calver, 2005].  We assumed the stream bed was 

homogeneous and isotropic, but acknowledge that soil in natural systems is typically heterogeneous with 

preferential flow [Cardenas et al., 2004], including flow through macropores [Menichino et al., 2012]. 

We did not vary the K of the bank and floodplain soil.   
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Table 1.  Summary of base case soil property values used for hydraulic and solute transport modeling  

Description 
Bank and 
Floodplain 

Stream Bed and 
Aquifer 

Soil Type Clay Loam Silty-Gravel 

Hydraulic Conductivity (K), 

m/s 
1×10

-8
 1×10

-6
 

Porosity 0.49 0.30 

Specific Storage, 1/m 0.001 0.0005 

Specific Yield 0.13 0.20 

Longitudinal Dispersivity, m  0.01 0.01 

Transverse Dispersivity, m  0.001 0.001 

 

2.2.2.6. Boundary Conditions  

 For the groundwater portion of the model domain, we used a no flow boundary at the lower 

extent of the domain, and fixed head boundaries along the northern, southern, eastern, and western 

boundaries (Figure 1).  We used two sets of groundwater fixed head boundary conditions for this study, a 

summer steady state condition and a winter steady state condition.  Both conditions were estimated from 

StREAM Lab piezometer data from 2009 to 2012 (Table 2).  During the summer of 2009 an additional 

piezometer transect was monitored 120 m downstream of the transect used for this study with 

approximately the same orientation and spacing. There was variation in the groundwater depth below the 

ground surface from one transect to the next for the inner piezometers (i.e. piezometers C and D in 

Figure 1) of up to 1.3 m, m, while the variation in depth below the ground surface for the outer 

piezometers (i.e. piezometers B and E in Figure 1) was less than 0.4 m during the period of record.  As a 

result, for the eastern and western boundaries we assumed the water table was located at a constant depth 

below the ground surface.  We used the depths measured at piezometers B and E, respectively, and varied 

the groundwater table elevation based on the topography.  For the northern fixed head boundary we used 

the depth below ground surface for piezometers B, C, D, and E as well as the stream level and linearly 

interpolated.  For the southern boundary we only used the depth below ground surface indicated by the 

outer piezometers (i.e. B and E) and the stream level to interpolate the groundwater boundary conditions.   
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Table 2. Approximate average steady state summer and winter groundwater depths for active piezometers  

Piezometer 
Depth of phreatic surface below 

ground surface, m 

Winter Summer 

B 0 1 

C 0 1.2 

D 0.5 1.4 

E 0.2 1.3 

 

 The surface water flow component of the model required specified stages at the upstream and 

downstream boundaries.  A StREAM Lab stream gage is located 300 m upstream of the study site without 

any significant tributaries in between.  Three steady state stages were estimated using continuous data 

collected at this gage from May 2011 to May 2012: summer baseflow (depth of 0.1 m), winter baseflow 

(depth of 0.15 m) and storm flow (depth of 0.65 m).  For the storm stage we selected the median of all 

inset floodplain activating stages (depth > 0.5 m) over the course of the gaging period.  The existing site 

is closest to the scenario with inset floodplain lengths of 20 m (Fb = 0.44) with no in-stream structures, so 

we used this case to calculate channel discharge by inputting each of the three steady state stages as 

boundary conditions.  Using this method we found that the stream flows for summer baseflow, winter 

baseflow, and storm flow were 0.025 m
3
/s, 0.059 m

3
/s, and 1.7 m

3
/s respectively.  These flows were held 

constant for all additional model runs by adjusting the surface water boundary conditions.   

 We combined these surface water boundary conditions with the groundwater boundary conditions 

to produce three sets of overall hydraulic boundary conditions (Figure 3).  These scenarios were (1) a 

summer baseflow scenario (summer baseflow with summer steady state groundwater), (2) a winter 

baseflow scenario (winter baseflow with winter steady state groundwater), and (3) a storm flow scenario 

(storm flow with summer steady state groundwater).  Although unsaturated (vadose) zone processes were 

not modeled, during storm flow scenarios channel water flowed into the inset floodplains which were 

situated over the unsaturated zone (Figure 3).  In these situations MIKE-SHE uses Darcy’s law to 

calculate the flow of recharge from surface water to the saturated zone.  However, since the floodplain 

sediment is fine (K = 1×10
-8
 m/s) this recharge had a negligible effect on the saturated zone over a storm 

duration.  Hydraulic model mass balance errors were less than 0.2% for all model runs.   
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Figure 3. Conceptual diagram of hydrological conditions and soil/sediment texture used in model with 5 

upper model layers shown.  When multiple soil/sediment textures are present in a single cell a weighted 
average is calculated for all hydraulic properties.   

 

 For solute transport we input a conservative tracer at the upstream surface water boundary 

(northern model boundary) with a constant concentration of 1 g/m
3 
(Figure 1).  We used a step tracer 

increase for all solute tracer analyses, and turned the tracer loading off after 10 minutes for storm flow 

scenarios to better visualize tailing effects due to inset floodplains.  We used a constant tracer input for 

the hyporheic zone because it took much longer to reach a steady state concentration. 

 

2.2.2.7. In-Stream Structure Geometry   

 We based the geometry and spacing of in-stream structures on literature data, model grid 

constraints, and physical constraints.  Spacing for in-stream structures typically varies from 10 m to 

200 m and scales inversely with stream discharge [Radspinner et al., 2010].  We calculated structure 

spacing for this study from cross vane spacing from two studies with similar drainage areas to Stroubles, 

scaled by discharge.  The cross vane spacing was approximately 100 m [Buchanan et al., 2012] and 

150 m [Crispell and Endreny, 2009] for streams with baseflow discharge of 0.2 m
3
/s (estimated from 

USGS gaging station near Bethel Grove, NY) and 0.05 m
3
/s [Crispell and Endreny, 2009] respectively.  

For a summer baseflow of 0.025 m
3
/s at Stroubles Creek this scaled to a spacing of approximately 15 m to 

75 75m, m, with average of 45 45m. m.  This translates to two in-stream structures over our 90 m reach 

where inset floodplain variation occurred.  We used the 90 m reach instead of the full reach so solute 

retention could be directly compared between inset floodplains and in-stream structures. 

 The length of the in-stream structures (in the direction of channel flow) was 1 m due to the model 

grid resolution, and the width of the structure (perpendicular to channel flow) varied depending on how 

channel geometry intersected the square grid cells (2 m or 3 m).  We set the height of the structure (0.3 m) 

using the methodology outlined by Rosgen [2001] that calculates the structure height based on the slope 
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of the cross vane arm from the bank to the channel.  A vane slope of 4.5% (average of the 2% to 7% 

range specified by Rosgen [2001]) is used.  The in-stream structures are located where inset floodplains 

are present to avoid additional negative impacts of construction activities [FISRWG, 1998], and because 

4.5% slope from the pre-restoration bank to the channel would lead to unrealistic structure heights (i.e. 

>0.5 m ) based on the geometry of Stroubles Creek [Radspinner et al., 2010; Wynn et al., 2010].  There is 

considerable variability in whether modeling studies do [Endreny et al., 2011a; b] or do not [Lautz and 

Siegel, 2006; Hester and Doyle, 2008] extend the impervious part of the in-stream structure down into the 

sediment.  For this study the structures extended 1 computational layer (~0.2 m) into the subsurface.  

 

2.2.2.8. Sensitivity Analysis 

 We performed a total of 14 model runs to vary the hydraulic boundaries, hydraulic conductivity, 

inset floodplain length, and the presence of structures (Table 3).  We also performed additional sensitivity 

analyses on n, εt, groundwater level (for summer baseflow stream stage), and the stream stage (for 

summer baseflow groundwater levels).  

 

Table 3. Parameters varied for sensitivity analysis  

Parameter Description Base Case Minimum Maximum 
Presence of 

Structures 

Surface and 
Groundwater 

Hydraulic Boundaries 

1. Summer baseflow 
2. Winter baseflow 

3. Storm flow 

Summer 

baseflow 
NA NA 

Run both with 

and without 

Sediment Hydraulic 
Conductivity (K) 

Varied from that of a 

coarse sand to a 

silty-clay 

1×10
-6
 m/s 1×10

-8
 m/s 1×10

-4
 m/s 

Run with 
structures only 

Inset Floodplain 
Length 

Length of individual  

inset floodplain 

segment 

20 m  
(Fb = 0.44) 

0 m  
(Fb = 0.00) 

90 m 
(Fb = 1.0) 

Run with 
structures only

a
 

a
When varying the surface and groundwater hydraulic boundaries, the storm flow scenario was run with 

and without structures for the base case inset floodplain length (20 m).  No effect was observed, so the 

analyses varying the floodplain length were only run with structures present.   

 

2.2.3. Modeling Output  

2.2.3.1. Flow and Storage  

 We separated the surface water domain into two distinct components (main channel and inset 

floodplain) and the groundwater into two components (hyporheic and non-hyporheic).  The inset 

floodplains were delineated based on channel depth during storm flow (8.5 cm or less), with the exception 

of cells where the majority of the water flowing into a floodplain cell immediately flowed back into the 
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channel (i.e. 90% of the flow entering the inset floodplain immediately left again).  With this delineation 

the flow into and out of the floodplains could be calculated using MIKE SHE flow output, and the volume 

could be calculated in the main channel and inset floodplain using the depth results.  The solute mass 

stored in the inset floodplain and main channel were calculated similarly by multiplying the volume of 

water in each cell by its concentration of tracer. 

 Given the gaining nature of the reach, we considered all groundwater cells with greater than 10% 

concentration of conservative tracer to be potentially hyporheic [Lautz and Siegel, 2006], and double 

checked this delineation approach using particle tracking.  Ten particles were added to any groundwater 

cell that was potentially hyporheic, and if any of those particles entered the channel downstream of the 

in-stream structure the cells were considered hyporheic and taken into account for volume and mass 

calculations.  For the calculation of the mass of solute in groundwater cells, the porosity, cell volume, and 

concentration of solute tracer were taken into account.  In-stream structure induced hyporheic flow was 

calculated by summing the flow for all hyporheic cells (as defined above) downstream of the in-stream 

structures (i.e. the upwelling portion of the hyporheic flow cell).   

 

2.2.3.2. Residence Time  

 We output breakthrough curves from the model for solute moving in surface water (i.e. in the 

channel and inset floodplains) and in groundwater (upwelling portion of hyporheic flow cells).  The time 

to 50%, 75%, and 99% of the steady state concentrations (i.e. t50, t75, and t99) were calculated from the 

breakthrough curves, and were used to estimate residence times.  We calculated t50, t75, and t99 in the main 

channel 2 m downstream of the downstream end of the full inset floodplain to approximate full reach 

residence times (Figure 1), and also at equal spaced intervals along the channel.  The fractional increase 

in reach residence time due to the storage (RTFI) was calculated by dividing the residence times for a 

given Fb by the residence time when Fb = 0.   

 We calculated residence times within individual inset floodplains and in-stream structure induced 

hyporheic flow cells using breakthrough curves at locations representing the center of solute mass flux 

exiting the storage zones and returning to the channel.  The total mass flux leaving an inset floodplain was 

calculated by multiplying cell tracer concentrations by flow leaving each cell and summing.  The same 

methods were used to calculate the mass flux in the hyporheic zone with the additional step of 

multiplying the result by the porosity.  The methodology for selecting the specific cell that is the center of 

mass flux exiting the storage zones is given in the Results (Sections 2.3.1. and 2.3.3. for inset floodplains 

and hyporheic flow cells, respectively). 
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2.2.3.3. Fraction of Year that Storage Occurs 

 We estimated the portion of the year when in-stream structure induced hyporheic flow is expected 

at Stroubles Creek by performing a sensitivity analysis on the groundwater levels for summer baseflow 

scenarios.  We performed the sensitivity analysis on the groundwater because it is the strongest 

controlling variable of whether hyporheic flow will occur [Cardenas and Wilson, 2006; Lautz and Siegel, 

2006; Hester and Doyle, 2008; Sawyer and Cardenas, 2012].  We then calculated what percent of the 

year the groundwater levels were within the levels where hyporheic flow was expected. An additional 

sensitivity analysis was performed on the baseflow stream stage to estimate for what stream stages 

surface storage due to in-stream structures is expected.  We estimated the portion of the year where inset 

floodplains were active by calculating the total time that the stream stage measured at the stream gage 

exceeded the inset floodplain elevation (0.5 m).   

 

2.3. Results  

2.3.1. Exchange Flows with Storage Zones 

 For storm flow scenarios, water primarily flowed from the main channel into the inset floodplains 

over the upstream half of their shared boundary, and from the floodplain back into the channel over the 

downstream half (Figure 4). The fraction of channel flow that entered the inset floodplain (QF-FP) across 

the entire reach increased non-linearly with fraction of bank with inset floodplain (Fb, Figure 5).  QF-FP 

plateaued when Fb was 0.67 (inset length of 30 m) with approximately 56% of the channel flow spending 

some time in the floodplains.  During summer and winter baseflow scenarios there was no surface water 

flow into or out of the inset floodplains.   

 Stroubles Creek was gaining during baseflow scenarios in both the summer (Figure 6a) and 

winter (Figure 6b), but was more gaining in the winter due to higher groundwater levels.  In-stream 

structure induced hyporheic flow (flow entering groundwater upstream of structures and re-entering 

stream downstream of structures) was higher in summer than in winter due to these differences in 

background groundwater levels.  In fact, there was no structure induced hyporheic flow in winter, 

although the magnitude of upwelling directly upstream of the structures decreased and the magnitude of 

upwelling directly downstream of the structures increased relative to when no structures were present.  

During storm flow the stream was generally losing, and the water depths in the channel upstream and 

downstream of in-stream structures were the same such that in-stream structure induced hyporheic 

retention did not occur.  There was a linear increase in the fraction of channel flow that entered the 

in-stream structure induced hyporheic zone (QF-HZ) with hydraulic conductivity (K) for the summer 

baseflow scenarios (Figure 7).   
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Figure 4. Exchange flow between main channel and inset floodplains (QFP) normalized by the channel 
flow at the upstream boundary (QCHANNEL) versus distance along stream for the east bank (a) and west 

bank (c) for storm flow scenario.  The digitized main channel of Stroubles (dark gray) and inset 

floodplains (light gray) are also displayed with arrow displaying channel flow direction (b).  To make the 
direction of flow more visually intuitive, y-axes of plots in panels a and c are reversed such that flow out 

of the channel into the floodplain is positive in panel a and negative in panel c.  This causes all flow 

moving east across the main channel-inset floodplain boundary to be displayed as positive, and all flow 
moving west to be displayed as negative.    
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Figure 5. Fraction of surface water flow that enters entered inset floodplains (QF-FP) and total mass stored 

in inset floodplains (MFP) normalized by the mass stored in the main channel (MMC) versus fraction of 

bank with inset floodplain (Fb).  Both QF-FP and MFP/MMC are for storm flow scenarios. 

 

 

Figure 6. Flow from groundwater to stream (QGW-SW) normalized by the channel flow at the upstream 
boundary (QCHANNEL) versus distance along channel for summer baseflow (a) and in winter baseflow (b) 

scenarios. 
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Figure 7. Fraction of total flow in the channel that enters entered in-stream structure induced hyporheic 
zone (QF-HZ) versus hydraulic conductivity (K) for summer baseflow scenarios.  

 

2.3.2. Mass Storage 

 Mass storage in inset floodplains increased with Fb, with a slight decrease in slope as Fb 

approached 1.0 (Figure 5).  A ratio of the mass stored in the main channel to the mass in the inset 

floodplain is used to illustrate how the magnitude of storage floodplain storage compared compares to the 

storage in the channel.  Less mass was stored in the floodplains than was stored in the channel for all Fb, 

with the mass in the floodplains for Fb = 1.0 (full inset floodplain) approaching 50%.  For the storm flow 

scenario the solute concentration throughout the floodplains is the same as the upstream boundary 

condition (1 g/m
3
).  As a result the solute mass stored in the inset floodplains (normalized for main 

channel mass storage) is nearly identical to the floodplain water volume storage (normalized for main 

channel volume).   

 For summer baseflow scenarios, the steady state volume of the in-stream structure induced 

hyporheic zone (within the hyporheic flow cells induced by the two structures) and mass of solute stored 

in the hyporheic zone were identical for all K.  Under such steady state conditions there was 3.9 times 

more water (by volume) and 2.8 times more mass of solute stored in the hyporheic zone than in the 

channel.  However, due to high residence times, and the fact that hyporheic flow does not exist at certain 

times of year (e.g., winter), actual storage in the hyporheic zone is generally expected to be less than this 

theoretical steady-state summer maximum.  Such residence time-limited partial hyporheic storage 

increased with the duration that summer baseflow hydraulic conditions persisted at approximately steady 

state and also with K (Figure 8).  For 10 to 60 days of summer baseflow hydraulic conditions, storage for 

the lowest K (1×10
-6

 m/s or less) was below 15% of the mass stored in the channel, and the greatest 

storage consistently occurred for the highest K (1×10
-4
 m/s).   
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Figure 8. Mass stored in the hyporheic zone (MHZ) normalized by mass stored in the main channel of the 

stream (MMC) for varying hydraulic conductivities (K) and different durations of steady state summer 

baseflow conditions.   
 

2.3.3. Residence Times 

 Channel residence times in the modeled reach were longest for summer baseflow scenarios and 

shortest for storm flow scenarios (Figure 9).  Residence times increased in the presence of structures 

during summer and winter baseflow scenarios, but did not for the storm flow scenario.  The largest 

change in median residence time due to adding structures occurred for summer baseflow (factor of 3), 

followed by winter baseflow (factor of 2).  While the breakthrough tracer curves did not change for the 

storm flow scenario when structures were added, the time to reach a steady state concentration at the 

downstream location (and return to baseline) increased as Fb increased (Figure 10).   

 Fb significantly affected reach residence times during storm flow scenarios, particularly the upper 

end of the residence time distribution.  The fractional increase in reach residence time (RTFI) for the time 

to 50%, 75%, and 99% of the steady state concentrations (i.e. t50, t75, and t99) increased relative when no 

floodplains were present (Figure 11).  t99 linearly increased with Fb, while both the t50 and t75 leveled off at 

Fb = 0.67 and Fb = 0.44, respectively.   
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Figure 9. Breakthrough tracer curves in the thalweg at the downstream model boundary for summer 
baseflow, winter baseflow, and storm flow scenarios with and without structures.   For all scenarios 

displayed the fraction of bank with inset floodplains is 0.44.     

 

 
Figure 10. Breakthrough tracer curves for storm flow scenarios in the thalweg of the stream at the 
downstream boundary for varying fraction of bank with inset floodplain (Fb). 
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Figure 11.  Fractional increase in the reach residence time (RTFI) versus fraction of bank with inset 

floodplain (Fb) for storm flow scenarios.  The RTFI is displayed for time to 99%, 75%, and 50% of steady 
state concentration (t99, t75, and t50) at downstream boundary of reach (a), and zoom in of t75, and t50 (b).  

The residence times are normalized relative to the condition without inset floodplains.   

 

 The t50 RTFI from adding inset floodplains increased with distance along the channel (Figure 12).  

This increase was generally linear (0.94 < R
2 
< 0.97) with slight undulations associated with the complex 

flow behavior of the floodplains as well as their locations along the stream.  The RTFI also increased with 

Fb for values of Fb from 0.00 to 0.67.  The RTFI is then similar for Fb = 0.67 and Fb = 1.0, with variation in 

which is greatest depending on the location along the channel.  
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Figure 12. Fractional increase in reach residence time (RTFI) for the time to 50% concentration (t50) due 

to adding inset floodplains versus distance along main channel.  Different lines indicate different 

floodplain lengths and fraction of bank with inset floodplain (Fb) values.  The distance along the main 
channel begins 1 m upstream of the start of the full floodplain, and ends 2 m downstream of the end of the 

full floodplain.   

 

 We also evaluated residence times within individual inset floodplains.  We calculated the center 

of mass flux exiting the floodplain by locating where half of the total mass flux that entered an inset 

floodplain segment had exited the inset floodplain and re-entered the channel (Figure 4).  For an inset 

floodplain length of 20 m (Fb = 0.44) the center of mass flux exiting each individual inset floodplain was 

located between 70% and 90% of the floodplain length downstream from the upstream end of the 

floodplain (Figure 4).  This percentage varied for other inset floodplain lengths, but was always between 

60% and 90%.  As the inset floodplain length (and consequently Fb) increased, it took longer for steady 

state solute concentrations to be reached at the center of mass flux exiting the floodplain (Figure 13).  

Compared to the location of the center of mass flux leaving the floodplain, breakthrough tracer curves 

toward the start of the floodplains were steeper and reached steady state faster (not shown), while those 

toward the end were less steep and reached steady state slower (also not shown).  Breakthrough tracer 

curves shown in Figure 13 are for the northernmost inset floodplain segment so the effect of travel time in 

the channel is minimized.  Nevertheless, to more accurately estimate inset floodplain residence times we 

corrected the inset floodplain t50 by subtracting the channel t50 for the adjacent channel for all inset 

floodplain segments.  The average residence times within individual inset floodplains increased with the 

floodplain length (Figure 14), with a range in t50 of approximately 0.8 minutes to 1.4 minutes.   

 

1

1.02

1.04

1.06

1.08

1.1

1.12

0 25 50 75 100

Fr
ac

ti
o

n
al

 In
cr

ea
se

 in
 R

e
ac

h
 

R
e

si
d

en
ce

 T
im

e 
(R

T
FI

) 

Distance along main channel, m 

Full Floodplain (Fb=1.00) 10 m Floodplain (Fb=0.22)

30 m Floodplain (Fb=0.67) No Floodplain (Fb=0.00)

20 m Floodplain (Fb=0.44)

(Fb = 1.00) 

(Fb = 0.67) 

(Fb = 0.44) 

(Fb = 0.22) 

(Fb = 0.00) 



29 
 

  
Figure 13. Breakthrough curves for storm flow scenarios at the center of mass flux exiting the most 
upstream inset floodplain for a range of fraction of bank with inset floodplains (Fb).  To give a better 

estimate of the residence time within the inset floodplain the breakthrough tracer curves were taken one 

cell away from the interface between the main channel and inset floodplain. 

 

 
Figure 14.  Time to 50% steady state concentration (t50) within a single inset floodplain versus inset 

floodplain length.  The t50 for each of the four inset segments was calculated and the average value is 
given for each floodplain scenario.   

 

 Structure-induced hyporheic flow cells have a wide range of residence times [Menichino and 
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hyporheic flow cells did so within 1 m downstream of the in-stream structures for steady state solute 

concentrations (Figure 15).  Prior to steady state, this proportion is even higher.  We therefore estimated 

the t50 in the hyporheic zone as the flux-weighted average t50 from the breakthrough tracer curves for cells 
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cells at the downstream structure).  The breakthrough tracer curves with a t50 closest to the flux-weighted 

average t50 of these 5 hyporheic cells (i.e. the model cells just downstream of each structure, Figure 15) 

are plotted for visualization (Figure 16).  It took longer to reach the steady state solute concentration for 

low K, with steady state reached at 40 days for K = 1×10
-4
 m/s, and an increase in concentration of less 

than 1% over 90 days for K = 1×10
-7

 m/s.  The t50 increased from approximately 6 to 300 days as K 

increased from 1×10
-4

 m/s to 1×10
-6

 m/s (Figure 17). 

 

2.3.4. Fraction of Year that Storage Occurs 

 For summer baseflow scenarios, in-stream structure induced hyporheic flow was not expected 

when the depth of the water table below ground surface decreased by more than 50% of the current 

summer groundwater conditions (e.g., if the phreatic surface was altered from 1 m below the ground 

surface to 0.5 m below the ground surface).  For the most recent full year of groundwater data available 

(December 2009 to December 2010), the in-stream structures we modeled would induce hyporheic 

exchange for approximately 20% of the year (during dry periods in the summer and early fall).  By 

comparison, the inset floodplains were only active when the stream stage was higher than the inset 

floodplain elevation (0.5 m), or approximately 1% of the year for the most recent full year of stream stage 

data (May 2011 to May 2012).  The surface storage due to in-stream structures increased the channel 

median residence time by at least 10% for flow depths up to 0.35 m (all below the stage required to 

inundate inset floodplains, 0.5 m).  Surface retention due to in-stream structures was expected for 90% of 

the year, also based on data from May 2011 to May 2012.  Surface retention due to in-stream structures 

was not expected during storm events, but periods where flow was high enough to prevent surface 

retention generally occurred for less than 24 consecutive hours.  
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Figure 15. Location where breakthrough curves and residence times in the in-stream structure induced 

hyporheic zone are output from the model.  The fraction of total mass flux exiting the hyporheic zone is 
shown for cells 1, 2, 3 and 4 meters from center of the in-stream structure at steady state for summer 

baseflow scenarios.  Hyporheic flow paths are from particle tracking. 
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Figure 16. Breakthrough curves at upwelling cell 1 m downstream of in-stream structure for summer 
baseflow scenario with varying hydraulic conductivities (K).  See Figure 15 for why this particular model 

cell was chosen.  K = 1×10
-8

 m/s is omitted because there is no measurable change in concentration over 

90 days.   

 

 
Figure 17. Median residence time (t50) in the in-stream structure induced hyporheic zone for summer 

baseflow scenarios versus hydraulic conductivity (K).  The lowest K (i.e. 1×10
-7

 m/s and 1×10
-8

 m/s) are 

omitted because t50 was unrealistically high (over a year).    
 

2.4. Discussion 

2.4.1. Natural Controls on Hydraulics and Solute Retention 

 In-stream structure induced hyporheic flow occurred for summer but not winter baseflow 

scenarios (Figure 6).  Such seasonal variation is consistent with previous studies [Wondzell and Swanson, 

1996]. This is due more to variation in groundwater levels than variation in surface water levels, as 
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hyporheic flow generally only occurs under neutral to moderately gaining groundwater conditions, 

because highly gaining or losing streams inhibit hyporheic exchange [Cardenas and Wilson, 2006; Lautz 

and Siegel, 2006; Hester and Doyle, 2008; Sawyer and Cardenas, 2012].  Regardless of groundwater 

levels, in-stream structure induced hyporheic flow was eliminated during storm flow scenarios when the 

stream stage was more than twice the height of the in-stream structure (Figure 9).  This caused the head 

drop across the in-stream structure to approach the stream slope eliminating the hydraulic gradient that 

drives hyporheic flow, consistent with Crispell and Endreny [2009] and Hester and Doyle [2008]. 

 Flow and residence times in the in-stream structure induced hyporheic zone during summer 

baseflow scenarios were highly dependent on the hydraulic conductivity (K) of the stream sediment 

(Figure 7 and 17), consistent with prior work [Boulton et al., 1998; Hester and Doyle, 2008; Sawyer et 

al., 2011; Menichino and Hester, 2013].  For the range of stream sediment K used in this study, the 

hyporheic zone did not have a significant effect on overall stream reach residence times because the 

proportion of surface flow that cycled through the hyporheic zone was so small (Figure 7).  The dominant 

influence of surface storage on reach retention or transient storage is consistent with field studies [Ensign 

and Doyle, 2005; Jin and Ward, 2005; Stofleth et al., 2008].  Although not the focus of this study, surface 

storage also occurred behind in-stream structures during baseflow due to a decrease in channel flow 

velocity in the backwater areas upstream of structures, consistent with Ensign and Doyle [2005].  The 

primary control on surface storage upstream of in-stream structures (during summer baseflow) and in 

inset floodplains (during storm flow) is stream stage (Figure 9).  Streams with flashy hydrographs (e.g., 

those effected by agriculture or urbanization) are the best candidates for inset floodplain restoration since 

the floodplains will be active more often [Royall et al., 2010]. 

 

2.4.2. Stream Restoration Design Controls on Solute Retention  

2.4.2.1. In-Stream Structures  

 In-stream structures are useful for inducing hyporheic flow only where certain conditions are met 

for a reasonable amount of the year.  These conditions include near-neutral groundwater environments, 

baseflow stream level, and K sufficiently large for significant proportion of the stream flow to enter the 

hyporheic zone.  These groundwater and K requirements for hyporheic retention are consistent with other 

hyporheic studies in streams and rivers [Lautz and Siegel, 2006; Hester and Doyle, 2008; Wondzell, 2011; 

Sawyer and Cardenas, 2012].  Such conditions are necessary but not sufficient to insure water quality 

effects, as all reactant must also be present [Schnoor, 1996] and there must be sufficient residence time in 

the storage zones [Zarnetske et al., 2011; Zarnetske et al., 2012].  

 A maximum of only 0.3% of surface stream flow traveled through the in-stream structure induced 

hyporheic zone for a 90 m reach and our maximum K of 1×10
-4

 m/s (Figure 7), but the hydrologic effects 
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of in-stream structure induced hyporheic flow are additive.  Therefore, restoring a longer reach with the 

same structure spacing along the channel (i.e. structure density) can lead to a proportionally greater 

fraction of flow entering the hyporheic zone.  We derived a simple empirical equation to estimate this 

scaling effect by using the relationship shown graphically in Figure 7: 

 

      
(        )   

        
  (5) 

 

where QF-HZ is the fraction of stream flow that enters the in-stream structure induced hyporheic zone 

(dimensionless), QCHANNEL is surface water flow in the channel (m
3
/s), K is the hydraulic conductivity 

(m/s), and LR is the length of restored reach (m) with two 0.3 m in-stream structures every 90 m, m, all 

for summer baseflow conditions at Stroubles Creek.  As expected, QF-HZ increases proportionally with 

both K and LR.  Equation (5) can be written more generally as:  

 

      
(  )    

        
  (6) 

 

where α is a hyporheic hydraulic coefficient (m
2
), Ds is the structure density (#/m), and LR is the length of 

restored reach with in-stream structure density Ds (m).  For this study α is 4.6×10
-3

 m (from linear 

regression), Ds is 2/90 m
-1

, LR is 90 m, m, and QCHANNEL is 0.025 m
3
/s.  This can be used to estimate the 

length of channel with structures necessary to cycle a given proportion of stream water through the 

hyporheic zone.  For example, cycling all stream water through the in-stream structure induced hyporheic 

zone once (QF-HZ = 1) at Stroubles Creek would require approximately 3,000 km of restored channel (for 

K = 1×10
-6 

m/s).  Halving the structure density or doubling the channel flow rate would then double the 

required restoration length.  These lengths of channel seem long and prohibitive from the perspective of 

the current stream restoration paradigm where small reaches are restoration at scattered locations 

throughout a given watershed.  However, if natural riparian areas are restored, natural tree recruitment 

processes would create structures in larger numbers over larger areas whose effect might approach the 

levels discussed here.  Required length of stream would also be substantially less in regions with higher 

K.  Further, since in-stream structure induced hyporheic flow is superimposed upon naturally occurring 

hyporheic flow, a larger fraction of stream flow is expected to spend time in the hyporheic zone than 

estimated here.    

 From Darcy’s Law we expect that α in Equation (6) depends linearly on the hydraulic gradient 

across the in-stream structures and the surface area of upwelling groundwater.  The structure height is the 

primary control on the hydraulic gradient for neutral groundwater conditions.  However, if the stream is 

highly gaining or losing the hydraulic gradient from the groundwater to the stream is larger than that 
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induced by the in-stream structure.  This effectively makes the hydraulic gradient across the in-stream 

structure (and therefore α) zero, in agreement with [Hester and Doyle, 2008].  Due to the relatively 

narrow range of groundwater levels (e.g., relatively neutral conditions) where in-stream structures are 

expected to induce hyporheic flow and spatial variability in K, scaling must be done carefully.  Changes 

in the groundwater levels or K alter QF-HZ, so extrapolating Equation (6) beyond where both parameters 

are known is not advised. The effects of bed heterogeneity and anisotropic conditions lead to additional 

variability [Salehin et al., 2004; Sawyer and Cardenas, 2009].  In-stream structures also induced surface 

water storage by decreasing the stream velocity for a variety of flows, with the amount of storage 

decreasing as the stage increased (Figure 9).  This retention should also scale with length of restored 

reach, but it was not our focus here since the water does not leave the main channel.   

 

2.4.2.2. Inset Floodplains 

 Inset floodplain length and therefore fraction of bank with floodplains (Fb) are key parameters 

controlling solute retention.  As these parameters increased, the fraction of stream flow that entered inset 

floodplains (QF-FP), the fractional increase in overall reach residence times (RTFI), the mass stored in inset 

floodplains, and the residence time within individual inset floodplain segments all increased (Figures 5, 

11, and 14).  However, all of these trends were nonlinear, and leveled off to varying degrees as floodplain 

length or Fb increased.  For example, QF-FP and RTFI (for t50 and t75) level off at Fb less than 1.0 (Figure 5 

and 11).  This was due to the relationship between momentum and topographic controls on flow into inset 

floodplains.  Channel flow generally has greater momentum (depth and velocity) at the outside of 

meander bends [Leopold and Wolman, 1960], resulting in flow for the full floodplain (Fb = 1.0) to be 

driven into the floodplains primarily at the upstream end of meanders with this flow reentering the 

channel and at the downstream end [Naish and Sellin, 1996].  The smaller inset floodplain segments 

(Fb < 1) added topographic controls to this phenomenon, as flow could only enter the inset floodplains 

where they exist and was forced to reenter the channel where they ended.  This topographic control is 

what caused the QF and RTFI to increase from Fb = 0.00 to Fb = 0.67.  For Fb = 0.67 the flow is not limited 

by the topographic controls, resulting in similar QF-FP and RTFI to Fb = 1.0.   

 The nonlinearities in these trends have economic implications for stream restoration.  Installing 

inset floodplains on a 90 m reach with a Fb of either 0.67 or 1.0 yielded identical QF-FP of 56%, as well as 

similar increases in the t50 and t75.  Therefore, assuming floodplain restoration cost scales with length of 

bank restored, a longer stream reach could be restored with Fb = 0.67 than could be with Fb = 1.0 for the 

same price.  In other words, inset floodplains installed along a longer reach with Fb = 0.67 would lead to a 

higher RTFI for the t50 and the t75 than a full inset floodplain (Fb = 1.0) along a shorter reach.  This 

recommendation contradicts recent guidance for restoration practitioners that predicts water quality 
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improvements based on the length or restored reach, not giving credit for strategic gaps [Schueler and 

Stack, 2012].  There is also a trend in recent stream restoration projects to install floodplains with Fb = 1.0 

[Kaushal et al., 2008; Roley et al., 2012b; Roley et al., 2012a]. 

 We found that the RTFI for the t50 caused by adding inset floodplains increased with length of the 

overall restored reach (Figure 12).  This increase was linear with an R
2
 value of 0.94 or greater for all Fb.  

We used this result to derive a simple empirical scaling equation: 

  

           (7) 
 

  {
      (  )             

(      )(    )         (       )            
 (8) 

 

where RTFI is the fractional increase in the reach residence time due to inset floodplain installation 

(dimensionless), LR is the length of reach where restoration takes place (m), β is the inset floodplain-main 

channel exchange coefficient (m
-1

) defined by Equation (8), and Fb is the fraction of bank with inset 

floodplains.  This can be used to estimate the length of channel with inset floodplains required to increase 

the overall stream residence time by a certain amount during storm flow.  For example, for Fb = 0.67 it 

would require approximately 200 m of restored channel at Stroubles Creek to increase the overall reach 

residence time by 20% (RTFI = 1.2).  Because this type of calculation involves extrapolation beyond our 

modeled reach, it should be viewed as an estimate, but it is a useful heuristic to understand inset 

floodplain restoration effects on stream residence times. 

 We found that the slope of RTFI versus reach length increased with Fb from Fb = 0.00 to Fb = 0.67 

and then almost levels off between Fb = 0.67 and Fb = 1.0 (Figure 12).  We used the β term in Equations 

(7) and (8) to account for this non-linear increase in slope with Fb.  This nonlinearity (leveling off) was 

due to the relationship between the momentum of channel water and topographic controls discussed 

previously in this section.  We anticipate variation in β from one stream to another based on channel 

geometry.  

 

2.4.3. Complementary Nature of Inset Floodplains and In-Stream Structures 

 One of the key findings of this study is that inset floodplains and in-stream structures retained 

solutes in dramatically different and highly complementary ways as quantified by the various storage 

metrics (Table 4).  For example, while inset floodplains retained solutes for storm flow scenarios, 

in-stream structures retained solutes for summer baseflow scenarios.  Due to these hydraulic differences, 

retention in the hyporheic zone occurred for a larger portion of the year than retention in floodplains.  On 

the other hand, floodplains induced higher exchange flows during storm flow scenarios than structure 
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induced hyporheic flow during baseflow scenarios.  At least 10 km of stream with two structures every 

90 m would be needed to cycle the same amount of water through the hyporheic zone as is cycled in the 

inset floodplains of our 90 m model reach (depending on K and Fb).   

 

 Table 4. Comparison of retention induced by in-stream structures and inset floodplains
 a
  

 Structure-Induced  

Hyporheic Zone 

Inset  

Floodplain 

Time when dominant 
retention element 

Baseflow Storm Flow 

Approximate % of year 

when engaged 

 

20% 1% 

Fraction of flow that 
enters storage zone (QF) 

0.00002 – 0.002 0.3 – 0.6
 
 

Steady State Storage 
(M/MMC) 

2.8 0.2 – 0.5 

Median residence time in 
storage zone (t50) 

6 – 300 days 
0.8 to 1.4  
minutes 

Fractional increase in 

reach residence time 
(RTFI) 

1.0 1.1 – 3.3 

a
Bold text indicates the restoration practice that leads to more retention for each metric.   

 

 The mass stored in the in-stream structure induced hyporheic zone at steady state solute 

concentrations was up to an order of magnitude larger than that stored in inset floodplains at steady state.  

Nevertheless, mass storage in the hyporheic zone can be either greater or less than in inset floodplains 

depending on season and K because steady state is reached within minutes for inset floodplains 

(Figure 10) but takes days to months in the hyporheic zone (Figure 16).  Residence times in the hyporheic 

zone were several orders of magnitude larger than those in the inset floodplains (consistent with Helton et 

al. [2012]) and are therefore expected to lead to more complete reactions in many cases.  Lastly, the RTFI 

reach residence times increased due to storage in inset floodplains, but due to low QF-HZ the RTFI reach 

residence time did not change as a result of in-stream structure induced hyporheic storage (i.e. RTFI = 0). 

 While in-stream structured induced hyporheic zones and inset floodplain storage areas were 

complementary (Table 4), neither storage zone is expected to have sufficient residence times and 

sufficient percent of flow simultaneously.  This may limit the effect of these stream restoration practices 

on water quality.  For example, the fraction of stream flow that enters entered the hyporheic zone for the 

90 m reach modeled in this study (Figure 7) is too low to have a significant impact on surface water 

quality.  Yet the residence times (Figure 14) are likely long enough for reactions of pollutants (e.g., 

excess nitrate) to occur in the induced hyporheic zones [Zarnetske et al., 2011; Zarnetske et al., 2012].  In 

contrast, inset floodplains retain a significant percent of the stream flow (Figure 5).  Yet the average 
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residence times in the inset floodplains are on the order of minutes (Figure 14), and are generally too low 

to expect full reactions of pollutants to occur [Zarnetske et al., 2011; Zarnetske et al., 2012].  

Nevertheless, higher sediment K and restoring a longer reach can increase the flow into the hyporheic 

zone.  Similarly, there are slow moving areas of water at the fringe of the inset floodplains that have 

larger residence times than the average, and planting thick vegetation could further increase residence 

times.  Opportunities for reactions that affect surface water therefore likely occur only in specific 

locations and at specific times during the year.  These locations and times have been referred to as 

hotspots and hot moments [McClain et al., 2003]. 

 Surface storage due to inset floodplains occurred for only ~1% of the year in this study (Table 4), 

leaving seemingly little chance for a water quality effect.  Yet even this level of engagement is 

substantially more than bankfull floodplains that are typically inundated once every 1 to 2 years [Soar and 

Thorne, 2011].  Furthermore, during storm flow events far more than 1% of annual stream flow 

(e.g., ~36% during the 10 days with the greatest flow [USGS, 2013]) and between 40% and 90% of 

annual pollutant loading occurs [Owens et al., 1991; Pionke et al., 1999; Royer et al., 2006], making inset 

floodplains potentially more important than inundation frequencies suggest.  Several studies suggest that 

restoration efforts should focus on retention during these high pollutant loading yet low probability events 

[Bayley, 1991; Hein et al., 2003; Rohde et al., 2006].  This is due in part to additional benefits of 

floodplains for improving water quality including buffering of contaminated groundwater and surface 

runoff [Haycock and Burt, 1993], and an increase in soil mineralization rates in floodplain sediments 

[Noe et al., 2013]. 

 By contrast, in-stream structure induced hyporheic retention occurred for approximately 20% of 

the year at Stroubles Creek (summer baseflow) while surface storage behind structures reduced overall 

reach velocities for over 90% of the year.  Depending on the groundwater conditions for a given stream, 

these percentages could vary considerably.  Several studies have suggested that the hyporheic zone can be 

used for water quality mitigation [Hester and Gooseff, 2010; Daniluk et al., 2012].  From this study we 

hypothesize that in-stream structure induced hyporheic flow may augment naturally occurring hyporheic 

flow [Nagaoka and Ohgaki, 1990; Storey et al., 2003; Boano et al., 2006] leading to a small improvement 

in water quality over a relatively large portion of the year.  In other words, restoration induced hyporheic 

flow is probably best able to address low levels of contaminants that linger after other approaches (e.g., 

stormwater detention, and wastewater treatment plants) have already removed the great majority.  Even in 

such low-level situations, relatively high K and relatively long distances of restored stream are probably 

necessary for a measureable effect on water quality.  Future studies will need to better quantify what K 

and length of restored stream are necessary, and these would be expected to vary among different 

contaminants and biogeochemical conditions.   
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2.4.4. Evaluation of Key Parameters Estimated in the Field 

 We performed a sensitivity analysis to estimate the impact of the selection of the Manning’s 

roughness coefficient (n) and the transverse mixing coefficient for surface water (εt) used for this study.  

We varied n for the main channel and inset floodplain across a reasonable range of values (0.025 to 0.05 

for the main channel and 0.05 to 0.1 for the inset floodplain) [McCuen, 2005]. Storm flow models were 

run with all combinations of the minimum, maximum, and base n for the main channel and inset 

floodplain.  The maximum changes in flow and residence time occurred when the minimum n was used 

for the channel and the maximum n was used for the inset floodplain or vice-a-versa, so only these two 

cases were analyzed for Fb = 0.00, 0.22, 0.44, 0.67, and 1.0.  Between these two extremes, RTFI varied by 

less than 15%, QF-FP varied by no more than 50%, and t50 within an individual inset floodplain segment 

varied by no more than 40%.  These maximum variations are each less than an order of magnitude, yet 

the difference in magnitude for residence times and flow between the inset floodplains and structure 

induced hyporheic zone is several orders of magnitude (Table 4).  Additionally, there was no change in 

the mass stored in the inset floodplains with n.  As a result, our conclusions from Table 4 (i.e. Section 4.3 

above) would be unaltered by selecting alternative values for n.   

 εt was also varied across a range of reasonable values for natural channels (i.e. 0.01 to 0.2 m
2
/s) 

[Fischer, 1973; Fischer et al., 1979], with storm flow models run for Fb = 0.00, 0.22, 0.44, 0.67 and 1.0.  

RTFI varied by a maximum of 35%, and the transport times within individual inset floodplain varied by no 

more than a factor of 2.  There was generally greater variation in transport time with εt for the longer inset 

floodplain segments (higher Fb), due to increased mixing associated with a higher εt.  There was no 

change in the mass stored in the inset floodplains or flow through the inset floodplains with εt because εt 

is only used for solute transport calculations.  The maximum variations are each less than an order of 

magnitude yet the difference in residence times between floodplains and the structure induced hyporheic 

zone was several orders of magnitude (Table 4), so the comparison between the two is again unaltered.  In 

addition, both  n and εt are held constant when evaluating the effect of variations in parameters such as Fb, 

K, and reach length (e.g., Figures 5, 7-8, 11-12, 14 and 17), so conclusions drawn from the overall trends 

present in those figures are also independent of these parameters. 

 

2.5. Conclusions  

 Retention of channel water in off-channel storage zones such as the hyporheic zone or inset 

floodplains is typically required for significant contaminant reactions to occur in stream systems.  We 

used coupled surface water-groundwater modeling of hydraulics and solute transport (using MIKE-SHE) 

to analyze the effects of in-stream structures and inset floodplains on solute retention in streams while 
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varying hydraulic and geologic conditions, and design parameters.  In-stream structures induced solute 

retention in the hyporheic zone at locations where there were relatively neutral groundwater conditions 

during baseflow.  Such hyporheic flow was highly dependent on K.  This in-stream structure induced 

hyporheic flow augments naturally occurring hyporheic flow in streams.  Inset floodplain retention 

occurred only during storm flow when the stream stage was higher than the inset floodplain elevation.   

 Inset floodplains and in-stream structures retained solutes in dramatically different yet 

complementary ways (Table 4).  For example, in-stream structure induced hyporheic retention occurred 

for approximately 20% of the year (primarily during summer), while inset floodplains led to surface 

storage for approximately 1% of the year (during storms).  The fraction of stream flow passing through 

inset floodplains was one to three orders of magnitude higher than that through the in-stream structure 

induced hyporheic zone, while the residence time in the in-stream structure induced hyporheic zone was 

approximately three to five orders of magnitude larger than that in the inset floodplains.  Further, the 

solute mass stored in the structure induced hyporheic zone at steady state solute concentrations was 

approximately 1 order of magnitude larger than that stored in the inset floodplains at steady state solute 

concentrations.  Given these distinctions, neither hyporheic zones nor inset floodplains are expected to 

simultaneously have both sufficient residence time and sufficient percent of flow to allow substantial 

contaminant reactions to occur across the majority of their domains.  Nevertheless, the spatial 

heterogeneity of flow rates and residence times within hyporheic or floodplain storage zones means that 

such conditions should exist at certain locations within these storage zones (hot spots) at certain times 

(hot moments).  To maximize water quality effects, tandem restoration of both feature types is 

recommended where the stream hydrograph is flashy (favorable for inset floodplain retention), and where 

sediment hydraulic conductivity is relatively high (favorable for hyporheic retention).   

 When favorable conditions do exist, simple scaling relationships generated from our model 

output are useful for understanding the effects of design parameters or constraints (Equations (5-8)).  For 

example, increasing the fraction of the stream bank with inset floodplains increased exchange flow and 

reach residence times up to a point, after which it leveled off.  Increasing the length of restored reach 

increased hydraulic retention in both structure-induced hyporheic zones and inset floodplains, but may be 

most important for hyporheic flow because the latter is more limited by exchange rates.  Finally, 

structure-induced hyporheic exchange increased directly with sediment hydraulic conductivity.  Results 

from this study can be used to help make logical design choices with realistic expectations when 

improving water quality is a primary objective for stream restoration.    
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3. Engineering Applications 

The relationship between stream restoration and stream water quality is complicated, largely 

because the relationship between solute retention and stream restoration is complex.  The goal of this 

study was to assist stream restoration practitioners and designers in making stream restoration design 

decisions when improving water quality is a goal.  Since retention of channel water in off-channel storage 

zones such as the hyporheic zone or inset floodplains is typically required for significant contaminant 

reactions to occur in stream systems, this was the focus of the study.  We used coupled surface 

water-groundwater modeling of hydraulics and solute transport (using MIKE-SHE) to analyze the effects 

of channel spanning in-stream structures and inset floodplains on solute retention in streams while 

varying hydraulic and geologic conditions.  The complementarity of different stream restoration 

techniques has not been studied extensively up to this point, and this study offers such a rigorous analysis 

for in-stream structures and inset floodplains. 

Solute retention occurred in the in-stream structure induced hyporheic zone and in inset 

floodplains for drastically different yet complementary hydraulic conditions (Table 4).  In-stream 

structure induced solute retention occurred in the hyporheic zone when there were relatively neutral 

groundwater conditions during baseflow, and where the hydraulic conductivity was sufficiently large for a 

substantial amount of flow to move through the hyporheic zone.  This in-stream structure induced 

hyporheic flow augments naturally occurring hyporheic flow in streams.  Inset floodplain retention 

occurred only during storm flow when the stream stage was higher than the inset floodplain elevation.  To 

retain solutes for both storm flow conditions and summer baseflow conditions at Stroubles Creek both 

stream restoration techniques were necessary.  For this study the hydraulic conditions necessary to induce 

in-stream structure induced hyporheic flow occurred for approximately 20% of the year, and the stream 

stage required for inset floodplain retention occurred for approximately 1% of the year.  These values will 

vary from one stream to another, but the necessity of utilizing both restoration practices together to retain 

solutes during both storm flow and baseflow conditions is an important conclusion.  

 The fraction of stream flow passing through inset floodplains was one to three orders of 

magnitude higher than that through the in-stream structure induced hyporheic zone, while the residence 

time in the in-stream structure induced hyporheic zone was approximately three to five orders of 

magnitude larger than that in the inset floodplains.  Further, the solute mass stored in the structure 

induced hyporheic zone at steady state solute concentrations was approximately 1 order of magnitude 

larger than that stored in the inset floodplains at steady state solute concentrations.  Given these 

distinctions, for a 90 m restoration reach neither in-stream structure induced hyporheic zones nor inset 

floodplains are were expected to simultaneously have both sufficient residence time and sufficient percent 

of flow to allow substantial pollutant reactions to occur across the majority of their domains.  
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Nevertheless, the spatial heterogeneity of flow rates and residence times within hyporheic or floodplain 

storage zones means that such conditions should exist at certain locations within these storage zones (hot 

spots) at certain times (hot moments).  To maximize water quality effects when pollutant loading is 

occurring for both baseflow and storm flow conditions, tandem restoration of both feature types is 

recommended where the stream hydrograph is flashy (favorable for inset floodplain retention), and where 

sediment hydraulic conductivity is relatively high (favorable for hyporheic retention).   

 Scaling equations were generated to estimate storage in inset floodplains and in-stream structure 

induced hyporheic zones as function of length of restored reach and other design parameters.  The 

fraction of channel flow that entered the structure induced hyporheic zone at Stroubles Creek can be 

calculated using Equation (5) based on the hydraulic conductivity and the length of reach restored.  

Equation (6) generalized Equation (5) to take into account the effects of the structure density and the 

hydraulics of the system.  From this relationship it appeared that a significant fraction of flow cannot 

enter the hyporheic zone if the hydraulic gradient across the structure approaches zero (e.g., the system is 

highly gaining or losing) or if the hydraulic conductivity is low.  This is a key insight for practitioners, as 

hyporheic storage is highly dependent on both the system hydraulics and the geology. Water quality 

improvement estimates for a stream where either of these variables is unknown is therefore highly 

uncertain.  The hydraulic conditions and geology vary spatially and the hydraulic conditions also vary 

temporally, so hydraulic and geologic measurements at multiple locations along a stream reach are 

necessary to understand the potential for water quality effects.  The relationship between the fraction of 

bank with inset floodplain and the reach residence time is described by Equation (7) and Equation (8).  

The reach residence times increased as the bank fraction increased, until leveling off at a bank fraction of 

0.67.  This relationship indicates that restoring a longer reach with a bank fraction less than 1 may lead to 

more retention than installing a full inset floodplain over a shorter reach (assuming the total length of 

restored bank is the same).   

 This study is primarily focused on solute retention and not reactant availability; however, general 

pollutant loading trends (or ideally data at stream restoration locations) are necessary for estimating actual 

water quality improvements.  For example, phosphorous and sediment loading primarily occurs during 

storm flow conditions. If decreasing the concentrations of either of these is the primary goal of a stream 

restoration project then practices that focus on storm flow hydraulic conditions (e.g., inset floodplains) 

will be most effective.  Practices that only retain solutes during baseflow hydraulic conditions (including 

in-stream structures) will be less effective in reducing phosphorous or sediment loading.  Nitrate removal 

processes tend to occur more evenly over the year, so depending on the site specific loading rates stream 

restoration techniques that focus on baseflow (e.g., in-stream structures) and storm flow (e.g., inset 

floodplains) may be useful in tandem.  Stream restoration designers should understand when retention is 
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occurring for various restoration practices, what loading is most likely to occur at those times, and 

whether the solute retention is sufficient for nutrient removal.  Only with this fundamental understanding 

of solute retention induced by the various stream restoration practices will the potential for water quality 

improvement be recognized.  Results from this study can be used to help make logical design choices 

with realistic expectations when improving water quality is an objective for stream restoration projects.    
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Appendix A: Detailed Description of Modeling Methodology 

A.1. Background 

 This appendix supplements the information from Section 2.2. to aid future researchers in using 

MIKE SHE for hydraulic and solute transport modeling.  This is a combination of generalized and 

interpretive modeling study, with physical parameters based on Stroubles Creek, but generalized enough 

(e.g., omitting micro topography, a clay lens, and intrusive bedrock) to be useful when considering any 

small agricultural or urban stream.  All assumptions made in this study were made with the understanding 

that this is a mix of a generalized and interpretive study.  

MIKE SHE is an integrated hydraulic and hydrologic model that has tools to model groundwater 

flow, two dimensional surface water flow (overland flow), one dimensional channel flow, precipitation, 

evaporation, flow through the unsaturated zone, as well as several other processes.  For this research the 

three dimensional groundwater flow component and the two dimensional surface water flow components 

were used.  Solute transport can be modeled using the advection dispersion equation between different 

components.  There are various limitations to this solute transport, such as the inability of solute to leave 

the one dimensional channels after entering them.  Solute can be exchanged from the saturated zone to 

and from the two dimensional surface water flow however, which is why the two dimensional surface 

water flow tool was used instead of the one dimensional channel tool for this study.   

 The overall methodology used for running models in this study will be discussed (A.2.), as well 

as specific details on model inputs (A.3.).  The modeling methodology includes the strategy for both 

hydraulic and water quality (solute transport) modeling.  Model grid inputs (e.g., saturated zone 

geometry, topography, boundary conditions) were too large to include in this thesis (7,850 cells).  MIKE 

SHE uses unique file types for all data files: dsf0 for 1 dimensional time series, dsf2 for grid data, and 

dfs3 for grid data that varies with time.   

  

A.2. Overall Modeling Strategy  

A.2.1. Hydraulic Modeling 

 The hydraulic models (“Water Management” in MIKE SHE) were run first for each model 

scenario followed by the solute transport (“Water Quality” in MIKE SHE).  For the hydraulic modeling 

the surface water component was much more numerically demanding than the groundwater component, 

and as a result took much longer to run for the same modeled time period.  For example, modeling 1 hour 

(model time) would take less than ten seconds to run for the groundwater component, and between 15 

minutes and 2 hours for the surface water component (depending on the hydraulic conditions and the inset 

floodplain length). The groundwater required a long model period to reach steady state (e.g., over a week 

model time) but ran quickly while the surface water reached steady state quickly (~1 hour model time) 
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but ran slowly.  For reasonable model run times the groundwater and surface water components were 

initially run independently, before being run together.  The method used to do this was as follows: 

1. The groundwater was run to steady state assuming the stream channel was dry, for both the 

summer and winter baseflow groundwater conditions. 

2. The results from step 1 were used as initial groundwater conditions (for each of the 25 layers) for 

a combined surface water groundwater model with the correct boundary conditions until steady 

state was reached in the surface water (~1 hour model time).   

a. At this point the upstream and downstream surface water boundary conditions were 

edited as needed to have the desired stream flow (see 2.2.2.6.). 

b. This is not enough time for the groundwater component to reach steady state.   

3.  The surface water elevations from step 2 were input as fixed head boundaries for a groundwater 

model (without surface water modeled), and the model was run to steady state. 

4. The results from step 3 were used as initial groundwater conditions (for each of the 25 layers) and 

run together with the surface water modeling component.  With the groundwater and surface 

water levels relatively close to their coupled values it took less than 12 hours (model time) to 

reach a steady state condition.  

This methodology was used with data stored every hour for the groundwater and surface water 

components, although actual time steps were much smaller (“large” storing intervals were due to the size 

of data files).  The storm flow scenario was run with the summer baseflow steady state groundwater 

conditions, since storms generally last less than 12 hours.   

 

A.2.2. Solute Transport Modeling 

 Solute transport modeling using MIKE SHE required short time steps to yield smooth 

breakthrough tracer curves, so each of the hydraulic model scenarios were re-run with smaller storage 

intervals.  MIKE SHE can save “hot-start” data which allows a model to be run starting from the end of a 

previous model run.  This allowed for an additional 2 hours (model time) to run for each scenario starting 

from the end of the hydraulic models (discussed in A.2.1.).  Data was stored every 0.1 hours for 

groundwater component, and every 0.01 hours for the surface water component.  The water quality output 

was 0.001 hours for the surface water component and 6 hours for the groundwater component based on 

smoothness of breakthrough tracer curves and the time to reach steady state tracer concentrations.  Tracer 

was added to the northernmost channel cells (at the top row) of the model domain.  The tracer input was 

optimized so that the concentration in each of these cells was 1 g/m
3
 with each of the cells requiring a 

different tracer input.  The tracer input was typically optimized after 5 to 20 iterations.   
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A.2.3. Post Processing 

 Once the final hydraulic and solute transport models were run, post processing was done using a 

mix of basic MIKE SHE output and extracted results using the MIKE Zero Toolbox.  Additional data 

computation was done using Microsoft Excel (including visual basic macro’s).  Flow depth, solute mass, 

groundwater head elevations, groundwater flow, and exchange flow (groundwater to surface water) are all 

available as grid data from the MIKE SHE output.  Breakthrough tracer curves had to be extracted using 

the MIKE Zero Toolbox “Time series from 2D Data” and “Time Series from 3D Data” tools.   

 

A.3. Detailed Description of Model Inputs  

A.3.1. Simulation Specifications 

A.3.1.1. Simulation Period 

 Depending on the model run, either both the Saturated Zone Flow (SZ, groundwater) model and 

the Overland Flow (OL, surface water) models were run, or only the groundwater component.  For all 

model runs the start date was 1/1/2000 12:00 AM, with the models run for 2 to 12 hours model time (run 

to between 2:00 AM and 12:00 PM) depending on what models from A.2. were being run.   

 

A.3.1.2. Time Step Control 

 The maximum time step controls were set to 0.001 hours for the surface water component, and 

0.01 hours for the groundwater.  Recommended values were used for all other time step control 

parameters.   

 

A.3.1.3. Overland Flow (Surface Water) Computational Control Parameters  

 The “Explicit” surface water solver was used instead of the “Successive Overrelaxation” due to 

stability issues and model run times.  A courant number of 0.8 was used, with threshold water depths of 

0.001 and threshold gradients for applying low-gradient floe reduction of 0.001.   

 

A.3.1.4. Saturated Zone (groundwater) Computational Control Parameters  

 The “Preconditioned Conjugate Gradient, Transient” solver was used for groundwater flow when 

both surface water and groundwater were modeled, while the “Preconditioned Conjugate Gradient, Steady 

State” solver was used when only groundwater flow was modeled.  The recommended values were used 

for all iteration control and advanced settings for the groundwater computational control.   
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A.3.2. Model Domain and Grid 

 A domain shapefile was created in ArcGIS and was used to create the model domain.  The 

number of cells in the X and Y directions were set to 110, and the cells size was set to 1 m (MIKE SHE 

uses a square grid so this corresponds to 1 m
2
).  The domain was rotated to line up with the channel (16°) 

and the catchment origin was selected so the entire model domain was included in the catchment.   

 

A.3.3. Topography  

 As discussed in 2.2.2.3., the topography input for MIKE SHE was created by overlaying surveyed 

stream cross sections over existing topography data.  This was done using the process below: 

1. A separate MIKE SHE file was created that was solely used to construct the “topography” inputs. 

a. This file used a grid file created from LIDAR data in GIS as the base topography. 

b. The Rivers and Lakes (OC) engine was enabled, allowing MIKE SHE to run with 

MIKE 11 (a one dimensional channel model similar to HEC-RAS). 

2. A MIKE 11 file was created and cross sections were imported. 

a. A stream centerline shapefile was created in ArcGIS and imported to MIKE 11.   

b. Cross sections could be created as needed along the stream center line (station and 

elevation are given at various cross sections) to construct the desired topography.   

c. The longitudinal slope was based on a longitudinal survey that occurred after the 

restoration occurred (StREAM Lab), and was tied into the existing topography based on 

the cross sections surveyed for this study.   

3. The MIKE SHE Topography file was run with “grid codes” selected in the Rivers and Lakes tab, 

allowing for the MIKE 11 cross sections to superimpose over existing topography (effectively 

overlaying the grid file).   

4. The MIKE SHE pre-processor was run, and the topography (with the channel superimposed) 

could be viewed, copied, and saved to be used for other MIKE SHE models (without MIKE 11).   

The inset floodplain segments were centered at the apex of the 4 northernmost meanders in the model 

domain, and were 0, 10, 20, and 30 m long. A full inset floodplain was also created.  The dfs2 grid file 

output from this process could simply be selected as the topography file in MIKE SHE.  The structures 

were added by setting the topography to 30 cm above the thalweg at the structure locations, and setting 

the elevations to all adjacent cells (perpendicular to channel flow) to that elevation until the natural 

topography was at a higher elevation.   
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A.3.4. Overland Flow (Two Dimensional Surface Water) 

 The Manning’s n was higher in the inset floodplain than it was in the main channel so the 

Manning’s n was represented by a grid file (dfs2).  The inset floodplain delineation was based on the 

depth of water during storm flow (shallower depth over inset floodplain) using excel, and then was 

exported to a dfs2 file.  The detention storage, initial water depth, initial mass, and the dispersion 

coefficient along rows were all uniformly set to 0 for the entire domain.  The dispersion coefficient along 

columns (the transverse direction) was set uniformly to 0.04 m
2
/s for the entire domain.   

 

A.3.5. Saturated Zone 

A.3.5.1. Geological Layers 

 There were two geological layers used in this study: a floodplain/bank clay loam and a stream 

bed/ aquifer silty-gravel.  MIKE SHE does not allow a layer to have a thickness of 0 when multiple 

geological layers are present, which occurred at the stream bed where only the silty-gravel was present.  

To compensate for this the clay loam was set as the geological layer for the entire domain, and a 

silty-gravel lens was added (see A.3.5.2.).  Since a lens is superimposed over whatever geological layers 

are present, MIKE SHE accepted having no clay loam area directly underneath the stream.  The upper 

level of the layer was set uniformly to 0 m with the “relative to ground” box checked.  The lower level 

was calculated using the topography grid and Excel.  The minimum elevation was calculated for each row 

(which occurred at the thalweg), and the lower domain was set 5 m below this elevation for each row.  

This resulted in a consistent elevation for the lower domain along a row, and a decrease in the elevation 

corresponding with the longitudinal slope when moving along a column.  The hydraulic conductivity, 

specific yield, specific storage, porosity, longitudinal dispersivity, and transverse dispersivity were set as 

uniform for the entire model domain (see Table 1 for values).   

 

A.3.5.2. Geological Lenses 

 Two layers were modeled as lenses for this thesis: the silty-gravel representing the stream 

sediment and aquifer, and a highly impermeable layer representing the structures.  The horizontal extent 

of the silty-gravel layer was the entire model domain.  From StREAM Lab soil borings the silty-gravel 

begins approximately 30 cm above the channel bottom and this elevation is assumed constant moving 

laterally away from the stream.  The upper level of this lens is then calculated in excel by adding 5.3 m to 

the lower domain elevation (see A.3.5.1. for description of calculating lower domain elevation).  The 

lower domain is set as the lower domain calculated from A.3.5.1., so the clay loam rests over the silty-

gravel layer where clay loam is present (only the silty-gravel is present directly under the stream bed).  
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The hydraulic conductivity, specific yield, specific storage, porosity, longitudinal dispersivity, and 

transverse dispersivity were uniform values for the entire model domain (see Table 1 for values).    

 The geological lens representing the in-stream structures had a horizontal extent that only 

included the cells where the in-stream structures were present (5 cells).  The upper level of the layer was 

set uniformly as 0 m with the “relative to ground” box checked (only the locations specified by the 

horizontal extent are read).  The lower extent is set as the elevation at the bottom of the upper model layer 

(the methodology of creating this grid is discussed in A.3.5.3.) which was about 0.2 m below the ground 

surface.  The hydraulic conductivity was set to 1×10
-15

 m/s, the specific yield was set to 0.2, the storage 

coefficient was set to 0.0001 m
-1

, the porosity was set to 0.2, and the dispersivities were set to 0 m.  These 

parameters created structures that were effectively impervious.   

 

A.3.5.3. Computational Layers 

 A different computational layer was required for each of the 25 vertical model layers, each 

requiring a lower level, initial head, and outer boundary conditions.  Fixed head boundary conditions were 

calculated based on the piezometer data (as discussed in 2.2.2.6.) and were identical for all layers.  Excel 

was used to calculate the lower level of the computation model layers.  For each horizontal grid cell 

location (at a location in x and y) the distance from the ground surface to the bottom of the model domain 

was calculated.  The lower elevation of each layer was calculated by dividing the total model depth for 

each horizontal location by the 25 model layers, and subtracting this distance consecutively from one 

computation layer to the next.  Each computational grid had a sheet in excel, and had to be copied into a 

MIKE SHE dfs2 file.  The initial head for each layer is copied from the groundwater model results 

(A.2.1.) into an initial head dfs2 file.  This process was completed one at a time for each computation 

layer, with the correct item specified for each file (e.g., for the top layer you would want to select the first 

item in the dfs2 file that had all 25 layers in it).  This process could be time intensive, and care was taken 

not to make mistakes when copying and pasting grids.   

 

A.3.6. Water Quality Simulation Specifications 

 The water quality simulation specifications (the solute transport specifications) must be set for all 

model runs, even when solute transport is not run (A.2.2.).  The data required for water quality modeling 

is only saved if this done, so that if the model is used as a starting point (“hot start”) for a solute transport 

model the data is there.  The water quality must be selected for the Overland Flow (OL) and for the 

Saturated Zone Flow (SZ).  The start date was set to 2000/01/01 1:00 for all solute transport model runs, 

and the end date was set to 2000/01/01 2:00 when no hyporheic flow was occurring, and 2002/01/01 1:00 

for models where hyporheic flow was occurring.  No recycling of flow results was specified for the 
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former, while recycling of flow results was specified for the later (from 2000/01/01 1:00 to 2000/01/01 

2:00).  The default water quality time step controls were used for this study.   

 

A.3.7.Water Quality Sources 

 The water quality source (solute transport source) used for this study was located in the “surface”, 

and the source type was “overland”.  This meant that the solute was being added directly to the surface 

water.  For convenience the “horizontal extent” was the entire model domain, but an integer grid file was 

created that specified 6 different grid codes (each cell in the domain was given an integer number).  Grid 

codes 1 – 5 were set to the single cells at the upstream boundary within the model domain that were 

inundated with the storm flow surface water boundary conditions (i.e. 0.65 m).  The final grid code was 

11, and signified all other cells in the model domain.  The solute tracer loading could be adjusted for each 

grid code, and was optimized until the concentration of each inundated cell was 1 g/m
3
 (see A.2.2.).  

Either a constant or time varying tracer input (g/day) could be used.  For models that did not focus on the 

hyporheic zone the loading was turned off after 10 minutes so a time varying dfs0 file was used to 

indicate the tracer loading.  These files simply had columns representing the loading rate for each that 

varied with time.  

 

A.3.8. Storing of Results  

 As discussed in A.2. the storing of results varied from initial hydraulic model runs to the final 

hydraulic/solute transport models.  The initial hydraulic models stored surface water and groundwater 

data every hour, while the final solute transport model runs stored surface water data every 0.01 hours, 

and groundwater data every 0.1 hours.  The smaller storing intervals led to more stable solute transport 

models, although the output files were substantially larger.  The actual time steps were generally much 

smaller than the stored time steps.  The solute transport data was stored every 0.001 hours for the solute in 

surface water, and every 6 hours for the solute in groundwater.  The reason for this difference had to do 

with the smoothness of the breakthrough tracer curves and the size of the data files.  Since the hyporheic 

flow reached steady state slowly, huge files would be created if the storing intervals were smaller.   

 

A.3.9. Extra Parameters 

 To set a specified stage boundary condition for the two dimensional surface water flow (overland 

flow) the “time varying overland flow boundary” extra parameter was used.  This allowed an upstream 

and downstream stage to be set at the boundary from a dfs2 grid file that could be changed easily from 

one model run to the next. For a detailed description of how the extra parameters function (and the “time 

varying overland flow boundary” in particular) it is recommended to look at the MIKE SHE user manual.  
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The inputs for this parameter are (1) a binary grid file signifying what boundary cells have water and (2) a 

grid file with the boundary stream stage elevation.  In addition, since dfs2 grid files can have several 

different grids in the same file, the item number must be specified for each of the input files.  Both the 

integer and stream stage grids varied for the different hydraulic conditions (summer baseflow, winter 

baseflow, and storm flow).   

 

A.3.10. Additional Features Not Used in Thesis 

 Various components of MIKE SHE were omitted for this study.  The modeling components 

omitted include the Rivers and Lakes (one dimensional surface water flow similar to HEC-RAS), the 

Unsaturated Zone Modeling (using the full Richardson equation), and Evapotranspiration.  Lastly for the 

groundwater and two dimensional surface water components the climate and landuse could have been 

specified, but were omitted. 


