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Abstract 

A common water quality issue is an excess of nutrients which can lead to problems such 

as eutrophication.  Stream restoration is one method by which improvements in water quality 

may be attempted.  One strategy is increasing hyporheic zone flow at baseflow by addition of 

instream structures.  The hyporheic zone can be an area of increased biogeochemical activity, 

with potential enhancement of reactions such as denitrification.  However, the comparative 

effects of various instream restoration techniques, as well as the role of watershed setting and 

corresponding environmental characteristics in which restoration occurs (e.g., hydraulic 

conductivity, stream slope), are still poorly understood.  In this study we numerically modeled 

groundwater and surface water interaction in a 200 m second order stream reach in southwestern 

Virginia using MIKE SHE.  We calibrated the model to hydrologic and tracer data available 

during field tests of restoration techniques.  We then simulated different types of instream 

restoration techniques (e.g., fully and partially channel-spanning weirs and buried structures), 

and varied hydrologic and biogeochemical controlling factors driven by watershed setting.  The 

measured effects for this sensitivity analysis were direction and magnitude of surface water-

groundwater exchange and amount of denitrification.  We found that factors related to watershed 

setting had the greatest effect on surface water-groundwater exchange and on denitrification, 

including streambed hydraulic conductivity, natural or background stream topography and slope, 

and groundwater levels.  Type and number of instream structures also influenced surface water-

groundwater exchange and denitrification, but to a lesser degree, and the effect of structures was 

in turn controlled by watershed setting.  Watershed setting was thus the largest control, both on 

exchange overall, and the effectiveness of structures.  Human effects on watersheds such as 

agriculture and urbanization therefore likely play a role in whether reach-scale restoration 

practices succeed in achieving water quality goals.  More broadly, restoration efforts at the 

watershed scale itself, such as reducing fertilizer use or improving stormwater management, may 

be necessary to achieve ambitious water quality goals.  Nevertheless, reach-scale restoration 

efforts such as in-stream structures may play a useful role in certain watershed settings.  

Furthermore, other reach-scale restoration techniques that affect streambed topography, such as 

addition of pool-riffle sequences, may be more effective, and bear investigation.   
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General Audience Abstract 

A common water quality issue is an excess of nutrients which can lead to problems such 

as algal blooms.  Stream restoration is one method by which improvements in water quality may 

be attempted.  One strategy is increasing hyporheic zone flow by addition of instream structures.  

The hyporheic zone is an area of the stream bed and banks where there is increased 

biogeochemical activity, with potential enhancement of reactions that may remove nutrients such 

as denitrification.  However, the comparative effects of various instream restoration techniques, 

as well as the role of watershed setting and corresponding environmental characteristics in which 

restoration occurs (e.g., hydraulic conductivity, stream slope), are still poorly understood.  In this 

study we numerically modeled groundwater and surface water interaction in a 200 m headwater 

stream reach in southwestern Virginia using MIKE SHE.  We calibrated the model to hydrologic 

and tracer data available during field tests of restoration techniques.  We then simulated different 

types of instream restoration techniques (e.g., fully and partially channel-spanning weirs and 

buried structures), and varied hydrologic and biogeochemical controlling factors driven by 

watershed setting.  The measured effects for this sensitivity analysis were direction and 

magnitude of surface water-groundwater exchange and amount of denitrification.  We found that 

factors related to watershed setting had the greatest effect on surface water-groundwater 

exchange and on denitrification, including streambed hydraulic conductivity, natural stream 

topography and slope, and groundwater levels.  Type and number of instream structures also 

influenced surface water-groundwater exchange and denitrification, but to a lesser degree, and 

the effect of structures was in turn controlled by watershed setting.  Watershed setting was thus 

the largest control, both on exchange overall, and the effectiveness of structures.  Human effects 

on watersheds such as agriculture and urbanization therefore likely play a role in whether reach-

scale restoration practices succeed in achieving water quality goals.  More broadly, restoration 

efforts at the watershed scale itself, such as reducing fertilizer use or improving stormwater 

management, may be necessary to achieve ambitious water quality goals.  Nevertheless, reach-

scale restoration efforts such as instream structures may play a useful role in certain watershed 

settings.  Furthermore, other reach-scale restoration techniques that affect streambed topography, 

such as addition of pool-riffle sequences, may be more effective, and bear investigation.   
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1 Introduction 

1.1 Literature Review 

The global nitrogen cycle has accelerated greatly as a result of increased human population 

and use of artificial fertilizers, resulting in additions of nitrogen to freshwater and marine 

systems (Johnson et al, 2015a; Gruber and Galloway, 2008).  This increase in nitrogen export, as 

well as that of other nutrients such as phosphorus, is considered to be a major engineering 

challenge as it causes negative impacts such as the contamination of drinking water supplies and 

eutrophication and algal blooms in rivers and coastal waters (Naranjo et al, 2015; Newcomer 

Johnson et al, 2016; Royer, 2006).  Compliance with the Clean Water Act often requires limits 

on inputs of pollutants to water bodies referred to as Total Maximum Daily Loads (TMDLs).  

TMDLs for nutrients are one of the most common types (USEPA, 2008).   The US 

Environmental Protection Agency has established its largest-ever TMDL setting limits on inputs 

of nitrogen, phosphorus, and sediment to the Chesapeake Bay in order to meet water quality 

standards in the region (USEPA, 2010).  

Stream restoration is one method by which nutrient and sediment load reductions have been 

attempted in order to meet the TMDL, and the Chesapeake Bay Program is establishing 

recommended restoration credits for various stream restoration practices (Berg et al, 2014).  

Stream restoration has historically often focused on physically manipulating the stream channel 

in order to provide beneficial fish habitat, however this focus has shifted to also consider water 

quality, in part due to legislation such as the Clean Water Act (Wohl et al, 2015).  The scope of 

restoration has also shifted to focus on river processes and ecosystem services rather than simply 

river form (Palmer et al, 2014).  Now stream restoration projects are undertaken for a wide 

variety of reasons, including bank stabilization, fish passage, habitat improvement and riparian 

management; however the improvement of water quality is one of the most commonly stated 

goals (Bernhardt et al, 2005; Wohl et al, 2015).  The activities promoted in the Chesapeake Bay 

Program recommendations include the prevention of sediment runoff during storm flow, 

floodplain reconnection, and the development of dry channel regenerative stormwater 

conveyance.  Restoration credits are also provided for increased processing of nutrients within 

the stream and riparian zones at baseflow through exchange of stream water through the 

hyporheic zone (Berg et al, 2014), for which we examine several implementation methods in this 

study.  Significant portions of annual nitrogen loads are delivered at baseflow, so restoration 
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methods designed to remove nitrate at baseflow may be especially effective at reducing 

downstream export of nitrogen (Berg et al, 2014; Pionke et al, 1999).   

 

1.1.1 Hyporheic Zone Hydrology and Chemistry 

The hyporheic zone is the area of interaction between surface water and groundwater within 

the streambed and banks where heightened biogeochemical reactions can affect stream chemistry 

and ecosystems (Brunke and Gosner, 1997; Jones and Mulholland, 2000; Lautz and Fanelli, 

2008; Dahm et al, 1998; Duff and Triska, 2000).  Hyporheic exchange may be driven by several 

factors, including substrate heterogeneity (Herzog et al, 2016; Vaux, 1968), and channel 

steepening or backwater produced by natural or constructed channel obstacles (Hester and 

Doyle, 2008; Crispell and Endreny, 2009).  Redox gradients are commonly formed in the 

hyporheic zone as a result of metabolic reactions that consume oxygen and other electron 

acceptors.  The redox chemistry of the streambed and hyporheic zone can be influenced by 

hydrology, with one study finding that reducing conditions occurred in areas of lateral and 

longitudinal flow (Heppell et al, 2014).   

The presence of redox gradients allows denitrification to occur, a process by which nitrate is 

permanently removed from a stream.  In the denitrification reaction, nitrate is used as an 

alternative electron acceptor during microbial respiration and is transformed to dinitrogen gas 

(Appelo and Postma, 2005; Lewandowski and Nützmann, 2010).  Denitrification may occur 

where there are sufficient dissolved organic carbon (DOC) concentrations and hydraulic 

residence times for respiration to continue after dissolved oxygen (DO) has been removed and 

anoxic conditions have been established (Merill and Tonjes, 2014; Fanelli and Lautz, 2008; 

Zarnetske et al, 2011).  Nitrification will often occur within flow paths upstream of 

denitrification before DO has been removed, however denitrification can still occur within 

anoxic biofilms and microzones under overall oxic conditions (Zarnetske et al, 2011; Briggs et 

al, 2015).  Denitrification within the hyporheic zone is most efficient where factors controlling 

reaction rate (concentrations of DOC and nitrate, presence of anoxic zones, and presence of 

microbial denitrifiers) and factors controlling hyporheic residence time (hydraulic conductivity, 

hydraulic gradients driving flow) roughly balance.  This ensures the minimization of pathways 

both where substrates are used up early and where repeated excursions of substrates into the 

hyporheic zone are required (Harvey et al, 2013).  Denitrification may be limited by DOC 
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concentrations or hyporheic zone size due to anthropogenic channelization (Zarnetske et al, 

2015).  Nitrogen may also be temporarily removed via sorption onto sediments or assimilation 

into plants or microbes (Hubbard et al, 2010), however denitrification is the main process for the 

permanent removal of inorganic nitrogen from a stream (Zarnetske et al, 2011).  Biological 

uptake of nitrogen as opposed to physical uptake may be especially important in the hyporheic 

zone as compared to the main stream channel and areas of surface transient storage (Johnson et 

al, 2015b). 

Stream restoration structures that enhance hyporheic exchange may allow for water quality 

improvements due to enhanced transformation or retention of pollutants within the hyporheic 

zone (Daniluk et al, 2013; Hester et al, 2016; Kaushal et al, 2008).  It has been demonstrated that 

the presence of in-stream features like debris dams, grade control structures, and riffles that 

generate hyporheic exchange can lead to geochemical changes and enhanced denitrification 

(Gordon et al, 2013; Hubbard et al, 2010; Kasahara and Hill, 2006a; Lautz and Fanelli, 2008; 

Tuttle et al, 2014).   

There are also other factors that can affect nutrient processing and denitrification in streams.  

There is evidence suggesting that nitrogen uptake potential is high in small streams, and that 

these may be good candidates for restoration (Alexander et al, 2000; Craig et al, 2008; Gomez-

Velez et al, 2014; Lawrence et al, 2013).  Stream reaches with low banks that allow the water 

table to reach topsoil areas with high levels of organic carbon may allow for higher rates of 

denitrification within the banks (Bernard-Jannin et al, 2016).  Urban streams may exhibit 

reduced hyporheic exchange and nutrient uptake (Batchelor and Gu, 2014).  In addition, since 

nitrogen and phosphorus are removed under different conditions, patchiness of redox conditions 

within a floodplain or hyporheic zone may help to maximize removal of both nutrient types 

(Lewandowski and Nützmann, 2010).   

 

1.1.2 Stream Restoration and the Hyporheic Zone 

Structure types capable of inducing hyporheic exchange include those that produce a 

hydraulic gradient between surface water and groundwater and those that incorporate substrate 

heterogeneity.  Structures that produce a hydraulic gradient by creating a backwater behind a 

channel obstruction or a drop in the channel surface include cross vanes, constructed riffles, and 

weirs (Gordon et al, 2013; Hester and Gooseff, 2011; Zimmer and Lautz, 2015).  While these 
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structures may help to promote hyporheic exchange, their main purpose is often to provide grade 

control, reduce erosion at stream banks, and to reduce stream energy (Rosgen, 2001).  Partially 

channel-spanning structures like rock vanes or J-hooks have been shown to better retain 

structural integrity and be less likely to lose their ability to function as intended than fully 

channel-spanning structures like cross vanes.  Methods of failure for both partially and fully 

channel-spanning structures included bank erosion resulting in outflanking of the structure, 

sediment deposition resulting in burial of the structure or the pool the structure was designed to 

create, and loss of structural integrity due to movement of boulders making up the structures, the 

latter of which was especially prominent in causing failure of fully spanning structures (Miller 

and Kochel, 2013).  Buried structures are blocks of streambed sediment with altered hydraulic 

conductivity that promote hyporheic exchange and reactions in modeling studies (Herzog et al, 

2016; Vaux, 1968; Ward et al, 2011).  The ability of buried structures to produce hyporheic 

exchange has not been studied as extensively as that of in-stream structures, but buried structures 

may be more useful than in-stream structures for generating hyporheic exchange in some cases 

since they are less likely to affect stream geomorphology.  In addition, buried structures are less 

likely to affect thermal conditions of the stream, since pool establishment due to grade control 

structures may lead to higher stream temperatures (Ward et al, 2011; Hester et al, 2009).   

Various factors may influence the efficacy of restoration structures in promoting hyporheic 

exchange and reactions, including characteristics associated with the structures themselves and 

those associated with the surrounding environment.  Characteristics of in-stream channel-

spanning structures that may influence degree of hyporheic exchange include structure size and 

whether or not the structure extends across the entire width of the stream (Hester and Doyle, 

2008).  Characteristics of buried structures affecting hyporheic exchange include structure 

dimensions and the contrast of hydraulic conductivity between structure and surrounding 

streambed sediments (Herzog et al, 2016, Ward et al, 2011).  Finally, characteristics of the 

environment affecting hyporheic exchange and denitrification include water table elevation 

(Lewandowski and Nützmann, 2010; Trauth et al, 2015; Mayer et al, 2010), stream slope and 

geomorphology (Herzog et al, 2016; Striz and Mayer, 2008), concentrations of chemical 

substrates, and streambed hydraulic conductivity (Azinheira et al, 2014; Harvey et al, 2013; 

Hester et al, 2016; Veraart et al, 2014).   
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Much variability in nutrient uptake is seen among different types of restoration and among 

specific sites.  The addition of instream structures that produce a hydraulic gradient like cross 

vanes, steps, or constructed riffles has been shown to sometimes have an effect on hyporheic 

zone chemistry and denitrification, although studies examining these structures often group their 

effects with those of other restoration practices.  Varying effects on nitrate uptake and transient 

storage were seen for several reference and passively (fencing out livestock) and actively 

(addition of structures and bank armoring) restored reaches, with paired restored and unrestored 

reference reaches exhibiting indistinguishable levels of nitrate uptake (Mueller Price et al, 2016).  

Natural channel design (NCD) techniques like riparian zone planting, floodplain regrading, and 

the addition of structures such as cross vanes were found to promote increased channel 

complexity and in turn greater denitrification rates, although this was not seen at all of the 

studied sites (Tuttle et al, 2014).  A comparison of two degraded streams and two streams 

restored by various methods including installation of step-pool structures, designing 

hydrologically connected banks and the addition of upstream stormwater management found that 

the restored streams exhibited decreased uptake lengths but that uptake metrics were otherwise 

similar among all of the streams (Klocker et al, 2009).   

Several studies have closely examined hyporheic zone chemistry around structures that 

create a hydraulic gradient, with varying conclusions.  In one study, constructed riffles and a step 

were found to induce hyporheic exchange and encourage nitrate uptake (Kasahara and Hill 

2006b).  In another study a log dam was found to induce downwelling exchange, which in turn 

resulted in the generation of closely spaced oxic and anoxic zones that encouraged 

biogeochemical reactions (Lautz and Fanelli, 2008).  The addition of cross vanes has been found 

to induce strong downwelling gradients and reduction of nitrate in the streambed that was not 

exhibited at comparable reference sites (Daniluk et al, 2013).   However a study of a stream 

before and after the addition of a cross vane and an engineered riffle showed that the structures 

produced strong downwelling fluxes but that reduced streambed residence times resulted in little 

biogeochemical transformation (Zimmer and Lautz, 2015).    

There are many other methods of stream restoration by which water quality improvements 

may be attempted other than the addition of instream structures that produce a hydraulic 

gradient.  In one study a channelized reach was compared to a naturalized reach which exhibited 

increased floodplain connectivity, reduced bankfull capacity, and constructed meanders and pool 
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and riffle sequences.  The channelized reach was found to exhibit higher flow velocity and 

downstream nutrient transport, indicating that naturalization of a channel may result in greater 

uptake of nitrogen and phosphorus (Bukaveckas, 2007).  High nitrate removal efficiency was 

seen for an artificial gravel bar and constructed meanders at two different streams, however the 

low amount of flow entering these features meant that overall nitrate removal from the streams 

was low (Kasahara and Hill, 2007).  Restoration by remeandering and disconnection of tile 

drainage from agricultural fields has also been shown to have variable effects on denitrification 

rates when restored and reference streams were compared (Veraart et al, 2014).  A numerical 

study examining how various restoration activities affect nitrogen removal found that relatively 

large increases in hyporheic size over shorter areas led to greater nitrogen removal than did 

smaller, uniformly-sized hyporheic zones spread throughout a reach.  This study also found that 

combining multiple restoration activities used to meet different goals resulted in greater amounts 

of nitrogen removal than simply summing the individual activities used to meet these goals 

(Johnson et al, 2015a).   A wide range of restoration tactics including reconnection of the 

floodplain and streambed and increasing the reactive surface area of streams and connected 

wetlands was examined in a meta-analysis, and it was found that nutrient uptake generally stayed 

the same or improved as a result of restoration (Newcomer Johnson et al, 2016).  Given the 

varying effects on nutrient uptake exhibited for different restoration tactics and at different sites, 

there is clearly much yet to study about the effects of different types of stream restoration on 

water quality.   

 

1.1.3 Justification of the Use of the Diffusive Approximation of the St. Venant Equation 

Modeling studies examining the relationship between stream restoration and surface 

water – groundwater interactions may involve the use of tracer experiments to examine 

hyporheic exchange and nutrient uptake (Klocker et al, 2009; Kasahara and Hill, 2007; 

Bukaveckas, 2007; Mueller Price et al, 2016), calculation of vertical fluxes across the streambed 

using temperature modeling (Zimmer and Lautz, 2015; Hester et al, 2009; Gordon et al, 2013; 

Daniluk et al, 2013), groundwater flow simulations (Kasahara and Hill, 2006b; Herzog et al, 

2016; Ward et al, 2011), computational fluid dynamics models (Crispell and Endreny, 2009; 

Schwartz et al, 2015), mass balance models (Beaulieu et al, 2015), or models of coupled surface 

water and groundwater flow (Hester and Doyle, 2008; Azinheira et al, 2014; Hester et al, 2016).  
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In this study, given that instream structures affect surface water flow and its interactions with 

groundwater, we needed a model capable of simulating detailed surface water and groundwater 

interactions.   

Simulating surface water-groundwater interaction induced by stream restoration practices 

requires simulating channel hydraulics.  There are various ways to do this, including several 

versions of the St. Venant equations, which simulate unsteady 1D open channel flow.  In MIKE 

SHE, surface water flow is modeled by using an explicit finite difference algorithm to solve the 

diffusive wave approximation of the Saint Venant equation.  The fully dynamic Saint Venant 

equation for the longitudinal or downstream direction is: 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑔

𝜕ℎ

𝜕𝑥
+ 𝑔(𝑆𝑓 − 𝑆𝑂) = 0 

(1)        (2)          (3)            (4)      (5) 

where x represents distance in the longitudinal direction in m, u is the longitudinal velocity 

component in m/s, t is time in s, g is gravity in m/s2, h is water depth in m, Sf is the slope of the 

energy grade line in m/m, and So is the channel slope in m/m (Chaudhry, 2008).  For the 

transverse direction, the equation is written in terms of v (velocity in the transverse direction) 

and y (distance in the transverse direction) as opposed to u and x.  The diffusive wave 

approximation of the St. Venant equations employed by the overland flow component of MIKE 

SHE assumes that terms (1) and (2) of the equation, representing local acceleration and 

convective acceleration, can be neglected, so that only the terms representing pressure gradient 

(3), friction (4), and gravity or slope (5) are solved.  Since we considered hydraulics at steady 

state for this study, local acceleration is zero and only the convective acceleration term is truly 

neglected.  This simplification allows for the equation to be solved more quickly, while still 

allowing for the simulation of backwater conditions and for flow depth to vary between adjacent 

cells (DHI, 2016).  In addition, the five terms do not typically exhibit values of the same order of 

magnitude, with terms (1) and (2) being negligible compared to the others for cases such as river 

floods (Tanguy, 2010).  A study of the Amazon River basin of large rivers found that 99% of the 

rivers in the basin can be modeled using the diffusive wave or even simpler kinematic wave 

equation, with the full dynamic equation only being required to model flows at the lower reaches 

of the river network with gradual slopes (Getirana et al, 2013).  In general the acceleration terms 

(1) and (2) of the dynamic Saint Venant equations can be neglected for modeling flood routing in 
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natural channels, allowing the diffusive wave equation to be employed (Moussa and Bocquillon, 

1996).  Therefore, we considered the use of the simpler diffusive wave equation to be sufficient 

for modeling surface water flow in this study.   

1.2 Research Objectives 

To our knowledge, the cumulative effect of multiple instream restoration structures on 

surface water-groundwater interactions and denitrification at the reach scale has not yet been 

studied.  Neither has the effect of varying the number or type of these structures been examined.  

Therefore the objectives of this study were to examine the effects of 1) watershed setting 

characteristics like hydraulic conductivity, stream slope, and groundwater levels and 2) instream 

restoration structure type and number on reach-scale surface water-groundwater interactions and 

denitrification.  These questions are examined using the numerical modeling program MIKE 

SHE, allowing for both hydraulic and chemical effects of environment and structures to be 

examined.   

1.3 Organization of Thesis 

This thesis is organized around a journal article manuscript found in section 2 of this 

document.  Section 3 discusses the engineering significance of this study, while section 4 

contains appendices and supporting material that provide a more detailed modeling methodology 

and additional results that were not included within the journal article.   
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Abstract 

A common water quality issue is an excess of nutrients which leads to eutrophication and 

harmful algal blooms.  Stream restoration is one method by which improvements in water quality 

may be attempted.  One strategy is increasing hyporheic zone flow and total surface water – 

groundwater exchange at baseflow by addition of instream structures.  The hyporheic zone can 

be an area of increased biogeochemical activity, with potential enhancement of reactions such as 

denitrification.  However, the comparative effects of various instream restoration techniques, as 

well as the role of watershed setting and corresponding environmental characteristics (e.g. 

hydraulic conductivity, stream slope) in which restoration occurs, are still poorly understood.  In 

this study we numerically modeled groundwater and surface water interaction in a 200 m second 

order stream reach using MIKE SHE.  We simulated different types of instream restoration 

techniques (e.g., fully and partially channel-spanning weirs and buried structures), and varied 

hydrologic and biogeochemical controlling factors driven by watershed setting.  We found that 

factors related to watershed setting had the greatest effect on surface water-groundwater 

exchange and on denitrification, including streambed hydraulic conductivity, natural or 

background stream topography and slope, and groundwater levels.  Type and number of instream 

structures also influenced surface water-groundwater exchange and denitrification, but to a lesser 

degree, and the effect of structures was in turn controlled by watershed setting.  Human effects 

on watersheds such as agriculture and urbanization likely play a role in whether reach-scale 

restoration practices succeed in achieving water quality goals.  More broadly, restoration efforts 

at the watershed scale itself, such as reducing fertilizer use or improving stormwater 

management, may be necessary to achieve ambitious water quality goals.  Nevertheless, reach-

scale restoration efforts such as in-stream structures may play a useful role in certain watershed 

settings.  Furthermore, other reach-scale restoration techniques that affect streambed topography, 

such as addition of pool-riffle sequences, may be more effective, and bear investigation.   

2.1 Introduction 

The global nitrogen cycle has greatly accelerated from increased use of artificial fertilizers, 

adding of nitrogen to freshwater and marine systems (Johnson et al, 2015; Gruber and Galloway, 

2008).  This increase in nitrogen export, as well as that of other nutrients such as phosphorus, 

causes contamination of drinking water supplies and eutrophication and algal blooms in rivers 

and coastal waters (Naranjo et al, 2015; Newcomer Johnson et al, 2016; Royer et al, 2006).  
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Compliance with the Clean Water Act often requires limits on inputs of pollutants to water 

bodies referred to as Total Maximum Daily Loads (TMDLs).  TMDLs for nutrients are one of 

the most common types (USEPA, 2008).   The US Environmental Protection Agency has 

established its largest-ever TMDL for inputs of nitrogen, phosphorus, and sediment to the 

Chesapeake Bay (USEPA, 2010).  

Stream restoration is one method by which nutrient and sediment load reductions have been 

attempted in order to meet the TMDL, and the Chesapeake Bay Program has established 

recommended restoration credits for various stream restoration practices (Berg et al, 2014).  

While stream restoration projects are undertaken for a wide variety of reasons, including bank 

stabilization, fish passage, habitat improvement and riparian management, the improvement of 

water quality is one of the most commonly stated goals (Bernhardt et al, 2005; Wohl et al, 2015).  

The activities promoted by the Chesapeake Bay Program recommendations include the 

prevention of sediment runoff during storm flow, floodplain reconnection, and the development 

of dry channel regenerative stormwater conveyance.  Restoration credits are also provided for 

increased processing of nutrients at baseflow through exchange of stream water through the 

hyporheic zone (Berg et al, 2014).  Significant portions of annual nitrogen loads are delivered at 

baseflow, so restoration methods designed to remove nitrate at baseflow may be especially 

effective at reducing downstream export of nitrogen (Berg et al, 2014; Pionke et al, 1999). 

The hyporheic zone is the area of interaction between surface water and groundwater within 

the streambed and banks where heightened biogeochemical reactions can affect stream chemistry 

and ecosystems (Brunke and Gosner, 1997; Jones and Mulholland, 2000; Kasahara and Hill, 

2006b; Lautz and Fanelli, 2008).  Hyporheic exchange and flux of water and solutes into the 

hyporheic zone is driven by factors including substrate heterogeneity (Herzog et al, 2016; Vaux, 

1968) and channel steepening or backwater produced by natural or constructed channel obstacles 

(Hester and Doyle, 2008; Crispell and Endreny, 2009).  Stream restoration structures that 

enhance hyporheic exchange allow for water quality improvements due to enhanced 

transformation or retention of pollutants within the hyporheic zone (Daniluk et al, 2013; Hester 

et al, 2016; Kaushal et al, 2008).  For example, nitrate can be permanently removed from a 

stream via denitrification, where nitrate is used as an alternative electron acceptor during 

microbial respiration and is transformed to dinitrogen gas (Appelo and Postma, 2005; 

Lewandowski and Nützmann, 2010).  Redox gradients are formed in the hyporheic zone as a 
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result of metabolic reactions that consume oxygen and other electron acceptors.  This process 

allows denitrification to occur where there are sufficient dissolved organic carbon (DOC) 

concentrations and hydraulic residence times for respiration to continue after dissolved oxygen 

(DO) has been removed (Merill and Tonjes, 2014; Fanelli and Lautz, 2008; Zarnetske et al, 

2011).  These conditions can occur as a result of hyporheic flow induced by in-stream features 

like debris dams, grade control structures, and riffles (Gordon et al, 2013; Hubbard et al, 2010; 

Kasahara and Hill, 2006a; Lautz and Fanelli, 2008; Tuttle et al, 2014).  Nitrogen uptake potential 

is often higher in small streams, and these may be good candidates for restoration (Alexander et 

al, 2000; Craig et al, 2008; Gomez-Velez et al, 2014; Lawrence et al, 2013).  

Types of stream restoration structures capable of inducing hyporheic exchange include those 

that produce a hydraulic gradient between surface water and groundwater and those that 

incorporate substrate heterogeneity.  Structures that produce a hydraulic gradient by creating a 

backwater behind a channel obstruction or a drop in the channel surface include cross vanes, 

constructed riffles, and weirs (Gordon et al, 2013; Hester and Gooseff, 2011; Zimmer and Lautz, 

2015).  Partially channel-spanning structures like rock vanes or J-hooks have been shown to 

better retain structural integrity than fully channel-spanning structures like cross vanes (Miller 

and Kochel, 2013).  Instream structures made of wood may also be used to help increase carbon 

availability in a stream (Hester and Gooseff, 2011).  Buried structures are blocks of streambed 

sediment with altered hydraulic conductivity (K) that promote hyporheic exchange and reactions 

in modeling studies (Herzog et al, 2016; Vaux, 1968; Ward et al, 2011).  The ability of buried 

structures to produce hyporheic exchange has not been studied as extensively as that of in-stream 

structures.  But buried structures may be more useful in some cases than in-stream structures for 

generating hyporheic exchange since they are less likely to affect stream geomorphology.  In 

addition, buried structures are less likely to affect thermal conditions of the stream, since they 

avoid pool establishment which may lead to higher stream temperatures (Ward et al, 2011; 

Hester et al, 2009).   

Various factors may influence the efficacy of restoration structures in promoting hyporheic 

exchange and reactions, including characteristics associated with both the structures themselves 

and the surrounding environment.  Characteristics of in-stream, channel-spanning structures that 

may influence degree of hyporheic exchange include structure size and whether or not the 

structure extends across the entire width of the stream (Hester and Doyle, 2008).  Characteristics 
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of buried structures affecting hyporheic exchange include structure dimensions and the contrast 

of K between structure and surrounding streambed sediments (Herzog et al, 2016, Ward et al, 

2011).  These characteristics affect the hydrologic flux of water into the sediment.  

Characteristics of the environment affecting hyporheic exchange and denitrification include 

water table elevation that controls the degree of gaining or losing (Lewandowski and Nützmann, 

2010; Trauth et al, 2015; Mayer et al, 2010), streambed slope and stream geomorphology 

(Herzog et al, 2016; Striz and Mayer, 2008; Kasahara and Wondzell, 2003), concentrations of 

chemical substrates, and streambed K (Azinheira et al, 2014; Harvey et al, 2013; Hester et al, 

2016; Veraart et al, 2014).   

Previous research on hyporheic zone denitrification has included study of reach-scale 

hyporheic zone denitrification (Harvey et al, 2013; Rahimi et al, 2015; Zarnetske et al, 2015), 

including denitrification at restored streams (Hester et al, 2016; Kaushal et al, 2008; Klocker et 

al, 2009; Johnson et al, 2015; Tuttle et al, 2014; Veraart et al, 2014), and the biogeochemical 

influences of single in-stream restoration structures (Daniluk et al, 2013; Gordon et al, 2013; 

Lautz and Fanelli, 2008; Zimmer and Lautz, 2015).  However, the cumulative effect of multiple 

in-stream restoration structures on hyporheic exchange and denitrification has not been studied, 

to our knowledge.  Nor has the effects of varying the number or type of in-stream structures.  In 

this study we therefore sought to identify the effects of 1) varying the number and type of in-

stream channel-spanning and buried restoration structures, and 2) varying watershed setting 

characteristics such as groundwater level, stream slope, and aquifer K on reach-scale hyporheic 

and overall surface water – groundwater exchange and denitrification induced by in-stream 

restoration structures.   

 

2.2 Methods 

2.2.1 Model Selection and Governing Equations 

We chose the hydrologic modeling software MIKE SHE for use in this project, as it is 

capable of modeling detailed surface water-groundwater interactions at the reach scale (Jaber and 

Shukla, 2012; DHI, 2016b).  In this study we used the coupled three-dimensional, finite 

difference groundwater and two-dimensional surface water flow components.  The groundwater 

component of MIKE SHE employs the groundwater flow equation: 
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where Kxx, Kyy, and Kzz are hydraulic conductivity in m/s along the x, y, and z axes respectively, 

h is the hydraulic head, Q is source/sink term in m3/s and S is the specific storage coefficient in 

m-1.  The equation is solved numerically by employing an iterative implicit finite difference 

algorithm (DHI, 2016c).  Surface water flow is modeled by using an explicit finite difference 

algorithm to solve the diffusive wave approximation of the Saint Venant equation.  The fully 

dynamic Saint Venant equation for the longitudinal or downstream direction is: 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑔

𝜕ℎ

𝜕𝑥
+ 𝑔(𝑆𝑓 − 𝑆𝑂) = 0 

where x represents distance in the longitudinal direction in m, u is the longitudinal velocity 

component in m/s, t is time in s, g is gravity in m/s2, h is water depth in m, Sf is the slope of the 

energy grade line in m/m, and So is the channel slope in m/m (Chaudhry, 2008).  For the 

transverse direction, the equation is written in terms of v (velocity in the transverse direction) 

and y (distance in the transverse direction) as opposed to u and x.  The diffusive wave 

approximation employed by the overland flow component of MIKE SHE assumes that the first 

two terms of the equation, representing local acceleration and convective acceleration, can be 

neglected, so that only the terms representing pressure gradient, friction, and gravity or slope are 

solved.  Since we considered hydraulics at steady state for this study, local acceleration is zero 

and only the convective acceleration term is truly neglected.  This simplification allows for the 

equation to be solved more quickly, while still allowing for the simulation of backwater 

conditions and for flow depth to vary between adjacent cells (DHI, 2016c).   

Solute transport is modeled in MIKE SHE using the advection-dispersion equation: 

𝜕𝑐

𝜕𝑡
= −

𝜕

𝜕𝑥𝑖

(𝑐𝑉𝑖) +
𝜕

𝜕𝑥𝑖
(𝐷𝑖𝑗

𝜕𝑐

𝜕𝑥𝑗
) + 𝑅𝑐 + (

𝜕𝑐

𝜕𝑡
)

𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠
                𝑖, 𝑗 = 𝑥, 𝑦, 𝑧 

where c is the concentration of the solute in g/m3, Vi is the velocity tensor in m/s, Dij is the 

dispersion coefficient in m2/s, and Rc is the sum of sources and sinks.  Groundwater transport is 

simulated in three dimensions while in surface water only the longitudinal and transverse (x and 

y) dimensions are simulated.  Denitrification was modeled in the hyporheic zone using a first 

order reaction as in Hester et al (2016): 

(
𝜕𝑐

𝜕𝑡
)

𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠
= −𝑘𝑐 
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where k is the first-order decay rate in s-1.  

 

2.2.2 Model Setup 

2.2.2.1 Study Site and Field Data 

We based the model on a field site located at an unnamed, second-order tributary to Craig 

Creek in Jefferson National Forest in the Ridge and Valley physiographic province in Virginia.  

The stream exhibits step-pool morphology and lies within a forested catchment approximately 1 

km2 in area.  Baseflow is highest at the stream during the winter, and the stream can completely 

dry up in its lower reaches during late summer.  Hydraulic monitoring and tracer experiments 

were performed at the field site as part of a previous study (Rana et al, 2017), and these data 

were used to help build and calibrate the model in this study.  We used groundwater data from 

four wells spaced around the corners of the study reach from the tracer experimental period from 

May 11, 2015 to June 9, 2015.  In Rana et al (2017), groundwater heads were determined using 

HOBO pressure loggers placed within wells made of PVC pipe, and water depths were 

calculated by subtracting atmospheric pressure from absolute pressure and dividing by the 

specific weight of water.  As part of the current study, we converted water depths into 

groundwater elevation heads using the surveyed elevations at the tops of the wells and the 

measured distance from the top of the wells to the HOBO loggers.  Stream flow rate varied from 

4 - 14 L/s over the course of the experimental period based on NaCl plateau concentrations 

during tracer experiments.  In Rana et al (2017), water depths in the channel were measured 

towards the center of the reach at a stilling well equipped with a HOBO pressure logger. Rana et 

al (2017) created 10 instream structures of wooden boards set perpendicularly to stream flow to 

form weir-like structures during the field experimental period.  They monitored conservative 

tracer (NaCl) concentration using conductivity probes at three measuring stations: located 40 m, 

120m, and 200m downstream from the injection site (MS1, MS2, and MS3, respectively, in 

Figure 1).  Further detail on the data collection and tracer experiments can be found in Rana et al 

(2017). 

 

2.2.2.2 Model Domain and Computational Layers 

We set horizontal model cell dimensions to 0.5 m by 0.5 m to resolve processes occurring 

at individual structures while also ensuring an acceptable computational time.  Simulation run 
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time varied, but was typically around one to two days for a coupled surface water-groundwater 

run with water quality.  The model domain contained 22,656 cells in each of 25 layers, including 

922 boundary cells.  We developed the shape of the model domain based on the well locations at 

the field site, and designed the model boundaries to encompass all four well locations so that 

these could be used as calibration points (Figure 1).   

 

Figure 1 – Model Domain (Plan View).  The blue area represents the model domain.  The stream is a black line, with 

small squares or points representing geographic points taken along the stream that were used to generate the 

stream’s planform.  Stream flow direction is indicated by the large arrow outside of the model domain, and small 

arrows indicate the injection location and measuring stations (MS) 1-3.  Black rectangles represent structure 

locations.  Crossed circles represent groundwater well locations GW 1-4.  Structure and well sizes are exaggerated 

for visibility.   
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We developed computational layers for the saturated zone by setting the model domain 

bottom (i.e. bottom of lowest layer) for each model row to 5 m less than the lowest elevation in 

that row (typically at the stream thalweg), and then dividing the difference in elevation between 

the bottom of the aquifer and the surface topography evenly between 25 layers.  This procedure 

resulted in layers at a given model row and column (i.e. a specific horizontal location) that each 

had the same thickness, but thickness varied among different horizontal locations within the 

domain.  This meant that the model domain was at least 5 m deep at all locations, ensuring that 

the no-flow boundary at the bottom of the model would not interfere with flow paths, and that 

model layers were thin (around 0.2 m) near the stream where greater spatial resolution was 

useful.   

 

2.2.2.3 Topography 

A base topography file is used in MIKE SHE to define channel topography and the 

interface between surface water and groundwater.  We developed this using longitudinal and 

cross-sectional stream surveys, as well as USGS topographic maps.  We did this in two steps by 

1) developing a preliminary representation in Excel, and 2) refining that first cut representation 

using a topography building tool in MIKE 11 (a 1D channel flow model that can be coupled to 

MIKE SHE) that allows development of interpolated stream topography using location and cross 

section measurements (DHI, 2016a).  We started with Excel to create a starting point for (i.e. 

reduce effort later with) MIKE 11. 

We first built a preliminary base topography file in Excel.  We added eighteen surveyed 

stream cross sections from the Rana et al (2017) at their respective GPS locations.  We then used 

the average channel slope between adjacent cross sections to interpolate thalweg elevations.  We 

added stream banks by repeating the bank dimensions from a given cross section downstream 

until a new cross section was reached.  Bank height therefore stayed constant and equal to that of 

the nearest upstream cross section, but bank elevation decreased since bank height was added to 

the thalweg elevation in order to determine the bank elevation.  We filled in hillslopes outside of 

the stream banks using slopes measured from a USGS topographic map (McDonald’s Mill 

Quadrangle, VA).   

Next, we refined the Excel model using tools available in MIKE 11, following a similar 

process to that employed for developing model topography in Azinheira et al (2014).  We used 
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GPS locations at twenty-four points along the stream thalweg from Rana et al (2017) to generate 

the planform channel alignment.  We input the eighteen surveyed cross sections that we also 

used to develop the preliminary base topography file, and the model interpolated between cross 

sections to develop the full geometry of the stream.  We then overlaid the stream geometry onto 

the preliminary base topography file, generating a new base topography file in which the stream 

geometry was more precise than the previous base file both in planform dimensions and in 

elevations between surveyed cross sections.  We then used the overlain file as the base 

topography file going forward, and added structures as needed.   

 

2.2.2.4 Aquifer Properties 

As part of this study we performed slug tests in the field at GW2, GW3, and GW4 

(Figure 1) Since the time of the Rana et al (2017) study, GW 1 had been vandalized and was no 

longer useable.  We used HOBO pressure transducer loggers to measure the head in the wells 

during the tests, and we analyzed the data using the Hrorslev method (Freeze and Cherry, 1979).  

We found K to be fairly consistent among the different wells, with values of 9.56x10-4 m/s at 

GW 2, 1.68x10-3 m/s at GW 3, and 6.20x10-4 m/s at GW 4.  Since our available K data did not 

exhibit a discernable spatial pattern, we used the geometric mean of the three measured K values 

of 1.00*10-3 m/s as the base case K throughout the model domain.  We assumed horizontal and 

vertical K to be equal consistent with prior studies (Azinheira et al, 2014; Herzog et al, 2016, 

Hester et al, 2016; Hester et al, 2008; Gooseff et al, 2006).  This allowed us to more easily 

compare our results with these studies.  MIKE-SHE also requires values for specific yield, 

specific storage, and porosity.  We estimated these from typical values in the literature as 0.28 

for specific yield, 5.0*10-4 m-1 for specific storage, and 0.35 for porosity (Todd and Mays, 2005; 

Gupta, 2008; Anderson, Woessner and Hunt, 2015).  Given the fine grid cell size, we used a 

dispersivity constant of zero.  We ran a base case simulation with a longitudinal dispersivity 

constant of 0.01 m and transverse dispersivity constant of 0.001 m, and results did not change 

(Hester et al, 2013).  

 

2.2.2.5 Surface Water Properties 

We controlled channel flow rate by placing constant surface water depth boundaries at 

the most upstream and downstream points of the stream along the overall model boundary.  
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Since MIKE SHE only allows surface water boundaries to be placed along the overall model 

boundary, and since the overall model boundary was beyond the farthest up- and downstream 

surveyed cross sections in the study reach, we extended the stream both in the upstream and 

downstream directions so that it would reach the overall model boundary.  Initially, we set the 

boundary water depth to be equal to the average water depth at the stilling well at MS2 (Figure 

1).  We then adjusted this boundary until the flow rates at the injection location were similar to 

those exhibited at the study site during the experimental period.  Most model runs were 

conducted with a base case flow rate of 9 L/s at the injection site, while other simulations during 

the sensitivity analysis were run at 6 L/s and 13 L/s.  We estimated Manning’s n as 0.05 from 

various stream characteristics such as sediment size and vegetation (McCuen, 1989). 

The model program also required dispersion coefficients along columns and rows, which 

correlate to longitudinal and transverse dispersion coefficients respectively since the direction of 

stream flow was primarily along model columns.  We determined the longitudinal dispersion 

coefficient of 0.221 m2/s by averaging the values calculated during OTIS-P modeling from all 

six of the tracer experiments conducted during the previous study at this site (Rana et al, 2017).  

We calculated the transverse dispersion coefficient as 0.0146 m2/s using (Chapra, 1997): 

𝐸𝑙𝑎𝑡 = 0.6𝐻𝑈∗ 

where Elat is the lateral or transverse dispersion coefficient for a stream, H is the mean depth in 

m, and U* is the shear velocity in m/s. 

 

2.2.2.6 Groundwater Boundary Conditions  

We set the bottom model boundary as a no-flow boundary, which is the only option 

available in MIKE SHE for the bottom boundary of groundwater zones.  We set the horizontal 

boundary conditions for the groundwater domain as constant-head, and manipulated the 

boundary cells near well sites and at the upper right model corner (Figure 1) during model 

calibration.  We did this until the cells representing groundwater wells, which were located two 

model cells inside of the boundary, exhibited steady state groundwater heads within one cm of 

the averaged experimental period head values at those sites.  We then linearly interpolated heads 

for other boundary cells between the two nearest manually adjusted boundary cells.  Since this 

initial process resulted in greater amounts of gaining than was observed at the field site during 
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tracer experiments, these boundary conditions were later adjusted during model calibration to 

NaCl breakthrough curves from the field experiments.   

 

2.2.2.7 Calibration with Conservative Tracer 

We first conducted water quality model runs with a conservative tracer added to the 

stream at the injection site for a length of time matching that of the first field tracer experiment 

performed without structures in the stream.  This allowed us to compare the breakthrough curves 

generated from the model at the three measuring stations to the breakthrough curves from the 

field.  We observed a larger amount of gaining in the lower section of the modeled reach as 

evidenced by greater decreases in stream concentration of NaCl at the third measuring station in 

the modeled than the field breakthrough curves.  We remedied this by adjusting the groundwater 

boundary conditions so that the modeled stream more closely matched the degree of losing 

exhibited at the field site.  We did not adjust boundary conditions to the point at which we fully 

replicated the degree of losing at the field site, since this would represent an unrealistic condition 

and further decrease agreement between measured and modeled groundwater heads.   

 

2.2.2.8 Reactive Transport 

For the base case and sensitivity analysis runs, we used a continual injection of non-

conservative solute nitrate 16 m downstream of the upstream surface water boundary to represent 

nitrate flowing into the modeled reach from upstream.  We set nitrate addition at the injection 

site to produce a concentration of 1 mg/L at the first measuring station, which helped to ensure 

that concentrations were kept low enough that denitrification could be modeled as a first order 

reaction.  Denitrification only occurred within the groundwater and hyporheic zone and not 

within the surface water, and we set the groundwater decay coefficient to 6 d-1.  We increased the 

decay coefficient to 36 d-1 and decreased it to 0.6 d-1 during sensitivity analysis runs, and we 

chose all of the decay coefficients based on those used in Hester et al (2016).  MIKE SHE 

provides a mass balance for water quality runs, so we calculated the percentage of nitrate added 

to the system that underwent denitrification by dividing the amount of nitrate that had undergone 

denitrification by the amount of nitrate added to the system.   
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2.2.2.9 Structure Properties 

We added channel spanning structures to the model by adjusting the topography and adding 

sections (lenses) of very low K (Table 1).  The model base case employed 10 channel-spanning 

structures, or weirs, that were roughly equally spaced between MS1 and MS3 (160 m reach, 

Figure 1).  Other runs contained different numbers of evenly-spaced weirs or different types of 

structures set in the same locations as the base case weirs.  Channel-spanning weirs crossed the 

entire stream, typically using about three model cells.  We raised the topography in these cells to 

a value 17 cm higher than the lowest elevation among neighboring streambed cells.  This 

approximated the weirs used in field experiments, which employed boards that were 20 cm in 

height but that were set 2.5-5 cm into the streambed.  We placed the reduced permeability lenses 

that represented the weirs where we raised the streambed and set them to extend from the top of 

the weirs to the bottom of the first saturated zone layer, approximately 0.2 m below the 

streambed.  We kept horizontal and vertical K within the structures equal.  We developed 

partially channel-spanning structures by reducing the planform extent of the fully channel-

spanning weirs, so that they crossed only about half of the channel.   

Buried structures did not involve any topographic adjustments, but did involve lenses of 

differing K being added beneath the streambed.  Each buried structure consisted of two low K 

“bookends” and a buried high K block in a modular structure designed to induce bidirectional 

hyporheic exchange (Figure 2) per Herzog et al (2016).   Low K bookends help to promote 

higher downwelling flows (Herzog et al, 2016) and were each 0.5 m long in the downstream 

direction, the width of the stream (typically one m), and about one m deep (5 model layers).  

High K blocks were two m long, about 0.6 m deep buried under 0.4 m of sediment, the width of 

the stream and located between the two low K bookends.  Horizontal and vertical conductivity 

were equal for each component of the buried structures.  
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Figure 2 – Buried Structure Schematic, side view.  The arrow indicates the location and direction of surface stream 

flow.  Structures consist of low K “bookends” and a high K block.  Black rectangles represent low K bookends, 

which are about one m in height, 0.5 m in length in the downstream direction, and as wide as the stream.  The white 

rectangle represents the high K block, which is two m long, about 0.6 m high buried under about 0.4 m of in situ 

sediment, and as wide as the stream.  The gray rectangle represents in situ streambed sediment. 

Table 1 – Structure Properties 

 Weir Structures 

(Fully- and partially-

spanning) 

Buried Structures, 

High K Blocks 

Buried Structures, 

Low K Bookends 

Hydraulic Conductivity 

(K), m/s 

10-10 10-2 10-12 

Specific Yield 1*10-2  0.28 0.2 

Storage Coefficient, m-1 1*10-4  5*10-4  1*10-4  

Porosity 1*10-2  0.35 1*10-2  

 

2.2.2.10 Sensitivity Analysis 

 We performed 31 total model runs in order to test the effects of varying the 

denitrification reaction rate, channel discharge, groundwater levels, K, type of structures, and 

number of structures (Table 2).  The model base case exhibited overall losing groundwater 

conditions that were the most similar to the field site of the three tested conditions.  The base 

case also exhibited a hydraulic conductivity value of 1.00*10-3 m/s, 10 fully channel-spanning 

weirs, and a reaction rate of 6 d-1.   We varied groundwater levels to represent losing, roughly 

neutral, and gaining overall conditions along the reach.  In addition, we performed sensitivity 

analyses for anisotropy and dispersivity coefficients.  Due to long model run times (typically one 

to two days), we performed the sensitivity analysis using a simple one-at-a-time parameter 

perturbation method rather than a stochastic approach.  We varied denitrification reaction rate 
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based on the range employed by Hester et al (2016).  Other manipulations affecting the chemical 

controls on denitrification could have been performed, however we were primarily focused on 

physical controls on denitrification and therefore kept chemical parameters relatively simple.  

We varied discharge in order to employ values near the average, minimum, and maximum 

discharges observed during field experiments.  We varied K in order to represent a range of 

several orders of magnitude while keeping values that were realistic for natural systems.  The 

three structure types chosen represented various instream restoration structures.  Fully and 

partially channel-spanning weirs represented commonly used structures like cross vanes and J-

hooks, respectively, while buried structures represented a relatively new technique that has so far 

received little study (Herzog et al, 2016).    The maximum number of structures added was 20, as 

the stream would dry up in some places with 20 structures under losing conditions.  Twenty 

structures also reflected the highest structure density used in the field experiments.    

 

Table 2 – Sensitivity Analysis Parameters 

Parameter Description Base 

Case 

Minimum 

Value  

Maximum 

Value 

Groundwater 

Conditions 

Groundwater 

Levels 

Varied so that 

stream changed 

from overall 

losing to overall 

gaining 

conditions 

Losing Losing (10 

L/s from 

stream to 

groundwater) 

Gaining 

(78.3 L/s 

from 

groundwater 

to stream) 

Varied 

parameter 

Reaction 

Rate 

Variation based 

on Hester et al 

(2016) 

6 d-1 0.6 d-1 36 d-1 Only run under 

base case 

(losing) 

conditions 

Discharge Varied to be 

similar to lowest, 

average, and 

highest 

discharges from 

field experiments 

9 L/s 6 L/s 13 L/s Only run under 

base case 

(losing) 

conditions 

Hydraulic 

Conductivity 

(K) 

Varied from that 

of fine gravel to 

silt 

10-3 m/s 10-6 m/s 10-2 m/s Run under all 

three conditions 

(losing, neutral, 

gaining) 

Type of 

Structures 

Fully channel-

spanning weirs, 

partially channel-

Fully 

channel-

N/A N/A Run under all 

three conditions 
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spanning weirs, 

and buried 

structures 

spanning 

weirs 

(losing, neutral, 

gaining) 

Number of 

Structures 

Number of fully 

channel-spanning 

weirs added to 

stream 

10 0 20 Run under all 

three conditions 

(losing, neutral, 

gaining) 

 

2.3 Results 

2.3.1 Induced Surface Water-Groundwater Exchange 

2.3.1.1 Spatial Patterns 

The modeling results indicated a pattern of greater gaining in the most upstream and 

downstream sections of the modeled reach, with more losing conditions in between (Figure 3a).  

This mirrored natural variation in background surface water-groundwater exchange at the field 

site (Rana et al, 2017).  This relative spatial pattern within the reach persisted for the cases where 

the overall stream reach was gaining or losing, although modified by prevailing conditions.  In 

general, groundwater flowed downvalley and laterally toward the stream under gaining 

conditions, while under losing conditions groundwater flowed downvalley and laterally away 

from the stream.   

We quantified the overall degree of gaining or losing in the study reach by summing all of 

the upwelling and downwelling fluxes along the reach and converting to volumetric values.  The 

section upstream of the injection location tended to be strongly gaining and did not contain 

nitrate, so we are excluding this section to focus on the effects of sensitivity parameters on 

nitrate.  The base case condition is overall losing, with about 10 L/s lost from the stream to the 

groundwater at steady state.  By contrast, the neutral and gaining scenarios (Table 2) exhibited 

about 6.5 L/s and 78 L/s moving from the groundwater to the stream, respectively.   

The placement of in-stream structures as well as natural undulations in the streambed (Figure 

3a,c) induced local perturbations to this background exchange pattern.  Because we did not 

perform particle tracking, we did not isolate individual hyporheic flow cells.  Instead, we 

examined the effects of structures on hyporheic flow and overall gaining and losing conditions 

simultaneously via net changes in the spatial distribution of exchange across the bed.  While 

particle tracking was not performed, low amounts of nitrate upwelling indicate that downwelling 
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flow paths typically either continued within the groundwater for the entire groundwater domain 

or did not upwell until substantial denitrification had occurred.   

Base case channel-spanning weirs increased downwelling upstream of the structure due to 

the formation of backwater pools (Figure 3a,b).  Evidence for hyporheic flow cells, where 

downwelling occurs upstream of the structure and upwelling occurs downstream of the structure, 

can be seen at individual structures, such as for the neutral groundwater condition at structure 2 

(Figure 3b).  These patterns were modified by the overall degree of gaining or losing.  For 

example, where the stream was overall losing, there was downwelling both upstream and 

downstream of the structure, but the downwelling was enhanced upstream of the structure, and 

reduced downstream.  For the case with overall gaining, the gaining was reduced upstream of the 

structure and enhanced downstream.  This variation in background gaining or losing occurred 

both due to variations among model runs when we varied background gaining or losing as a 

sensitivity parameter, but also among sections of the stream that were overall more gaining or 

losing relative to others.  For an example of the latter, weirs in the middle of the stream reach 

induced greater downwelling fluxes than those located at the ends of the stream (Figure 3, Table 

3).  Typically, structures only seemed to influence exchange fluxes at locations within about 2 

cells (1 m) of the structures.  In a natural system hyporheic exchange may also occur due to the 

presence of small bedforms like ripples and dunes, however our grid cell size was too coarse to 

simulate this type of exchange.   
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Figure 3 – a) Streambed flux versus distance along the stream thalweg for varying groundwater conditions.  Flows 

from surface water to groundwater (downwelling) are negative, while flows from groundwater to surface water 

(upwelling) are positive.  All structures are fully channel-spanning weirs.  b) A zoomed-in portion of Figure 3a at 

fully channel-spanning weir 2.  Evidence for a hyporheic flow cell can be seen circled on the chart for neutral 

conditions, while for losing conditions downwelling increases upstream of the weir and decreases downstream, and 

for gaining conditions upwelling decreases upstream of the weir and increases downstream.  c) Topography along 

the stream thalweg, with the trend line showing the average gradient.   

 

Table 3 - Maximum Surface Water to Groundwater Flux Immediately Upstream of Weirs 

Weir Number Net flux (m/d) for 

losing conditions 

Net flux (m/d) for 

neutral conditions 

Net flux (m/d) for 

gaining conditions 

1 -10.4 -3.10 14.8 

2 -28.1 -12.2 7.40 

3 -50.9 -32.8 -11.9 

4 -25.3 -15.5 2.41 

5 -52.0 -33.8 -9.97 

6 -46.0 -24.5 -1.95 

7 -51.5 -26.0 -8.97 

8 -44.5 -26.2 -11.8 

9 -10.7 -3.59 6.03 

10 -28.5 -18.2 -3.17 
We displayed the highest value downwelling flux exhibited in these cells.  In some cases, this was actually the 

minimum upwelling flux.  Negative values indicate net downwelling, while positive values indicate net upwelling.  
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Other structure types induced somewhat different patterns of downwelling fluxes compared 

to those of the fully channel-spanning weirs but generally lower in magnitude (Figure 4).  

Relative to the background pattern of losing, weir structures generally caused an increase in 

downwelling upstream of the structure and a decrease in downwelling downstream of the 

structure.  Downwelling fluxes for fully channel-spanning weirs were highest immediately 

upstream of the weirs, with the greatest reduction in downwelling immediately downstream of 

the weir.  The pattern for partially-spanning structures was similar, but more subdued.  By 

contrast, the pattern for the buried structures had two areas of enhanced downwelling, one at 

each end of the structure downstream of the low K bookends. 
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Figure 4 - Surface Water-Groundwater Exchange Influenced by Different Structure Types.  a) Exchange flux across 

the streambed for the full stream reach.  Flows from surface water to groundwater (downwelling) are negative, while 

flows from groundwater to surface water (upwelling) are positive.  b) A zoomed-in portion of Figure 4a at structure 

2.  The arrow represents the location of both weir types, while the box represents the location of the buried structure.  

Note that all exchange flux is downwelling due to generally losing conditions for the base case scenario, but 

differences can be seen among the structure types in terms of pattern of exchange induced. 
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2.3.1.2 Effect of Sensitivity Parameters 

Among the factors adjusted in the sensitivity analysis, groundwater levels had the greatest 

effect on surface water-groundwater exchange, as well as stream flow rates (Table 4).  With the 

base case condition of ten fully channel-spanning weirs, adjusting the groundwater levels from 

overall losing across the reach to roughly neutral and then strongly gaining resulted in overall 

surface water-groundwater exchange increasing from 10.2 L/s flowing from the surface water to 

groundwater to 78.3 L/s flowing from groundwater to surface water, and this also decreased 

downwelling flows within the reach (Figure 5).  Increased gaining in the reach as a whole 

resulted in reduced frequency of downwelling upstream of weirs.  Downwelling was entirely 

absent immediately upstream of four out of ten weirs under the gaining conditions, a condition 

which was not seen at any of the weirs for the neutral or losing cases (Table 3).  Note that while 

more gaining conditions resulted in higher stream flows, weirs still created backwater pools (i.e. 

were not drowned).   

Table 4 – Stream Flow Rates along the Stream Reach 

Model Parameters Flow Rate at 

Injection Site (L/s) 

Flow Rate at 

MS1 (40 m 

downstream) 

(L/s) 

Flow Rate at 

MS2 (120 m 

downstream) 

(L/s) 

Flow Rate at 

MS3 (200 m 

downstream) 

(L/s) 

Base Case 9.0 23.5 9.0 2.5 

Neutral 

groundwater 

conditions 

9.5 28.5 24.5 25.5 

Gaining 

groundwater 

conditions 

15.5 61.0 87.5 118.5 

No structures 9.0 23.5 10.5 4.5 

20 fully channel-

spanning weirs 

9.0 23.5 7.5 0.25 

Partially channel-

spanning weirs 

9.0 23.5 10.5 4.5 

Buried structures 9.0 23.5 11.0 5.5 
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Type of structure also affected total amount of downwelling within the stream reach, though 

only slightly (Figure 5).  Overall surface water-groundwater exchange and total downwelling 

across the whole reach varied by less than 2 L/s among the three structure types.   Fully channel-

spanning weirs induced the most downwelling, followed by partial weirs and then buried 

structures.  These effects were largest, both in relative and absolute terms, for the losing and 

neutral conditions, which indicates that the structures are more effective at inducing 

downwelling in the absence of strongly gaining overall conditions.  Interestingly, the amount of 

downwelling that occurred without any structures was intermediate in magnitude between the 

various structure types. 

 

 

Figure 5 – Effect of Groundwater Conditions and Structure Type on Overall Surface Water-Groundwater Exchange   

  

Downwelling increased with the number of fully channel-spanning weirs present in the 

reach, but only slightly (Figure 6).  In all cases, about 1-2 L/s more downwelling occurred as the 

number of fully channel-spanning weirs increased from 0 to 20.  The increase in downwelling 

flows was greater for the losing case and neutral case, which again indicates that the weirs are 

more effective at inducing downwelling in the absence of strongly gaining overall conditions.   
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Figure 6 – Effect of Groundwater Conditions and Number of Fully-Spanning Weirs on Overall Surface Water-

Groundwater Exchange 

 

2.3.2 Nitrate Exchange and Denitrification 

2.3.2.1 Spatial Patterns 

  In general, the flux of nitrate from surface water to groundwater was greatest where losing 

conditions or restoration structures existed (Figure 7).  If the nitrate was not fully denitrified 

within the groundwater, it could subsequently upwell back into the channel.  This nitrate 

upwelling occurred at locations downstream of structures and at locations of steps or other steep 

points within the natural channel topography, and can be seen as locations of isolated nitrate 

upwelling in Figure 7.  Upwelling of nitrate downstream of structures indicates that at least some 

portion of hyporheic flow paths induced by the structures were reaction limited.  Upwelling of 

nitrate was additionally more common under overall strongly gaining conditions.  Since we 

added nitrate to the surface water, more gaining conditions resulted in reduced exchange of 

nitrate across the streambed into the groundwater.   

Nitrate fluxes were driven by those of water, and in general these two types of fluxes 

exhibited similar patterns (compare Figures 3a and 7a).  Differences were exhibited at the far 

upstream portions of the model reach, where there is little upwelling of nitrate even though there 

is a great deal of water upwelling.  This is because the gaining conditions at this portion of the 
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reach have prevented much nitrate from moving into the groundwater in the first place.  Nitrate 

fluxes also tended to be more unidirectional than water fluxes, in that nitrate fluxes were 

primarily from the surface water to the groundwater.  This is a result of much of the downwelling 

nitrate undergoing denitrification within the groundwater, preventing it from upwelling back to 

the stream when gaining conditions are reached downstream.  This pattern also occurred at 

individual structures, where the overall pattern of nitrate exchange was similar to that of water 

but with a reduced amount of upwelling nitrate due to denitrification within the subsurface 

(compare Figures 3b and 7b).  Both water and nitrate fluxes under neutral groundwater 

conditions at structure 2 demonstrate the presence of a hyporheic flow cell, while the presence of 

the structure leads to increased downwelling of both nitrate and water upstream of the structure 

under losing groundwater conditions.   Under gaining conditions very little nitrate exchange 

occurs between surface water and groundwater as nearly all nitrate that originates in surface 

water stays there as it travels downstream.  Nitrate upwelling under gaining conditions at 

structure 2 is less than a thousandth of a gram per day.   
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Figure 7 – Nitrate Flux across the Streambed at Varying Groundwater Conditions.  a) Nitrate flux across the entire 

streambed.  All structures are fully channel-spanning weirs.  Negative values represent fluxes from surface water to 

groundwater (downwelling), while positive values represent fluxes from groundwater to the stream (upwelling).  b) 

A zoomed-in portion of Figure 7a at fully channel-spanning weir 2. The weir is represented by an arrow.   

 

When comparing different structure types, nitrate fluxes across the streambed tended to be 

especially high immediately upstream of fully channel-spanning weirs, while other structure 

types exhibited patterns of more dispersed nitrate fluxes that corresponded less closely to 

structure locations (Figure 8a,b).   
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Figure 8 - Nitrate Exchange Driven by Different Structure Types.  a) Nitrate flux across the entire streambed.  All 

cases are for losing groundwater conditions.  Negative values represent fluxes from surface water to groundwater 

(downwelling), while positive values represent fluxes from groundwater to the stream (upwelling).  b) A zoomed-in 

portion of Figure 8a at structure 2.  The arrow represents the location of both weir types, while the box represents 

the location of the buried structure.   

 

 

1 2 3 4 5 6 7 8 9 10

-15

-10

-5

0

5

10

15

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

1
1
0

1
2
0

1
3
0

1
4
0

1
5
0

1
6
0

1
7
0

1
8
0

1
9
0

2
0
0

S
tr

ea
m

b
ed

 N
it

ra
te

 F
lu

x
 (

g
/d

)

Longitudinal Distance (m)

Fully Spanning Weirs

Partial Spanning Weirs

Buried Structures

No Structures

Structure Locations

-10

-8

-6

-4

-2

0

2

4

55.0 60.0 65.0

S
tr

ea
m

b
ed

 N
it

ra
te

 F
lu

x
 (

g
/d

)

Longitudinal Distance (m)

Full Weirs

Partial Weirs

Buried Structures

No Structures

a) 

b) 2 



42 

 

2.3.2.2 Effect of Sensitivity Parameters 

Increasing the base case reaction rate predictably increased the amount of denitrification.  

The base case rate of 6 d-1 with the base case losing groundwater condition resulted in 90.3% of 

the nitrate added to the model stream undergoing denitrification at steady state (Figure 9).  When 

the reaction rate was decreased to 0.6 d-1, the percentage of nitrate denitrified was reduced to 

38.1%, and increasing the reaction rate to 36 d-1 resulted in the percentage of nitrate undergoing 

denitrification increasing to 98.2%.  These results show that the base case model appears to be at 

least partially reaction limited although the partial levelling off of the trend indicates an increase 

in transport limitation at high reaction rates.  The relatively high base case hydraulic conductivity 

of 1.00*10-3 m/s could be affecting the shape of the curve.   

 

 

Figure 9 - Effect of Reaction Rate on Denitrification.  Given the relatively high hydraulic conductivity and losing 

groundwater conditions for the base case scenario, denitrification percentages are high even for relatively low 

reaction rates.  Increasing the reaction rate changes the system from reaction to transport limitation, although this 

pattern may change for different values of hydraulic conductivity.   

 

Denitrification also increased with decreasing groundwater levels (i.e. larger downwelling 

fluxes in the modeled reach) due to increased nitrate inflow into the groundwater (Figure 10).  

This indicates transport limitation, but less so in that portion of denitrification that occurs in 

hyporheic flow cells, and more so in that portion that occurs in water that has downwelled from 
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the channel but does not return to the channel. The only tested case where this does not hold true 

is where K was raised an order of magnitude above the base case value.  In this case, the total 

percentage of groundwater nitrate removal encompassing both denitrification and physical flow 

out of the model domain across the groundwater boundaries is still higher for the case with more 

losing conditions.  Nevertheless, the elevated groundwater levels in the neutral case seem to 

allow for higher amounts of denitrification within the model domain (see discussion of Figure 

11, below).   

 

 

Figure 10 - Effect of Overall Reach Surface Water/Groundwater Exchange on Denitrification.  Higher downwelling 

fluxes are indicative of more losing conditions overall.   

In general, increased K resulted in increased nitrate removal (encompassing both 

denitrification and physical outflow of nitrate across the groundwater boundaries), as more 

surface water is able to infiltrate into the groundwater where denitrification occurs (Figure 11).  

However, at the highest hydraulic conductivities tested, a large amount of the inflowing nitrate 

flows out of the model domain within the groundwater, causing denitrification to be relatively 

low while physical nitrate outflow across model boundaries remains high.  This results in the 

partial levelling off of the neutral curve and the decline of the losing curve for K=0.01 m/s in 

Figure 11.  If the model domain were larger, more of this nitrate would likely denitrify, but since 

there were computational time constraints on the size of the model, we were not able to enlarge 

the model domain.  For the highest K, the losing condition would therefore likely exhibit greater 
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amounts of denitrification in a natural setting since the amount of denitrification occurring would 

not be constrained by the size of the model domain and greater amounts of nitrate move into the 

groundwater under more losing conditions. 

  

Figure 11 – Effect of K on Denitrification 

We varied stream discharge with groundwater levels maintained at the base case losing 

conditions.  We adjusted nitrate loadings so that stream nitrate concentrations were maintained 

for higher discharges.  The percent of nitrate added to the model that denitrified was reduced as 

the stream discharge was increased; however the total mass denitrified was greater for the higher 

discharge scenario (Figure 12).  
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Figure 12 – Effect of Discharge on Denitrification 

Different structure types exhibited slightly different percentages of denitrification (Figure 

13).  Fully channel-spanning weirs resulted in the highest percentages of denitrification under all 

groundwater conditions.  The denitrification percentages for simulations with partially channel-

spanning structures and buried structures were usually only slightly higher than the 

denitrification percentages for simulations with no structures present.  Buried structures and 

partially channel spanning weirs induced similar amounts of exchange, especially under more 

gaining conditions at which stream flow rate was higher.  Buried structures under losing and 

neutral groundwater conditions actually resulted in lower denitrification rates than the case 

without structures, which may have been because downwelling was already present in much of 

the reach under these groundwater conditions.  Simultaneously, the low K bookends may have 

actually interfered with the downwelling flows already present.  Evidence for this effect can be 

seen in Figure 4b, where fluxes are zero at either end of the buried structure where the low K 

bookends are located.   
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Figure 13 - Effect of Structure Type on Denitrification 

Denitrification increased with the number of fully channel-spanning weirs, although only 

slightly (Figure 14).  For the losing and neutral cases, the percentage of nitrate undergoing 

denitrification increased about 4-5% as the number of weirs was increased from 0 to 20, while 

the same change for the strongly gaining case only increased the percentage of nitrate denitrified 

by about 1%.  Thus, the addition of structures was more effective in neutral and losing 

conditions.  The overall effect of number of structures is relatively small because the amount of 

flow into the subsurface induced is not high when compared to overall flow into the subsurface 

occurring due to interactions between groundwater and surface water heads.    

 

Figure 14 - Effect of Number of Fully-Spanning Weirs on Denitrification 
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2.4 Discussion 

2.4.1 Hydraulics and Induced Surface Water-Groundwater Exchange 

Groundwater levels were the most important control on the magnitude and spatial 

arrangement of surface water-groundwater exchange.  The natural streambed topography was 

also an important influence, since the relationship between surface water and groundwater heads 

at different areas of the stream reach led to different areas being more likely to exhibit gaining or 

losing flows regardless of groundwater conditions.  Another important influence was K, which 

controlled the magnitude of exchange fluxes between surface water and groundwater.  The 

number and type of instream and buried structures did influence the magnitude and spatial 

patterns of surface water and groundwater exchange, but to a lesser extent than either 

groundwater levels or streambed topography.   

Higher groundwater levels reduced or eliminated downwelling, even at areas immediately 

upstream of weirs that typically exhibited high amounts of downwelling (Table 3).  While fully 

and partially channel-spanning weirs did induce downwelling fluxes due to the formation of 

backwater pools, downwelling fluxes over the entire model domain were nearly as high without 

full or partial weirs under all tested groundwater conditions (Figure 5).  There was more 

downwelling for the case with no weirs than for buried structures.  Thus groundwater conditions 

and stream topography appear to be more important than structures for inducing downwelling 

flows.  For example, the addition of structures never resulted in changes in surface water-

groundwater exchange of more than 2 L/s, but changes in groundwater levels resulted in a 

reversal in the overall direction of surface water-groundwater exchange and a difference in 

magnitude of nearly 90 L/s.  This importance of groundwater levels is consistent with prior 

studies (Azinheira et al, 2014; Hester and Doyle, 2008; Malzone et al, 2016; Lewandowski and 

Nützmann, 2010; Mayer et al, 2010), but the dominance in our study is particularly prominent. 

Natural streambed topography, in particular slope, strongly controlled exchange. 

Downwelling flows are the most common in the middle portion of the modeled stream, where 

the channel slope is shallower, and upwelling is more commonly further up- and downstream 

where the channel slope is steeper (Figure 3).  This allows stream heads to be higher than those 

of groundwater in this middle portion, while steeper areas of the channel exhibit lower heads 

than groundwater.  The pattern of vertical fluxes across the streambed demonstrate where 

groundwater heads are lower (negative fluxes) or higher (positive fluxes) than stream heads.  
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Similarly, Kasahara and Wondzell (2003) found that changes in channel slope from pool-step 

sequences were the most important factors in influencing hyporheic exchange flows in two steep 

second order streams.  Gooseff et al (2006) and Harvey and Bencala (1993) also provide 

evidence for the ability of changes in longitudinal gradient to influence patterns and extent of 

hyporheic flow.   

Finally, K had an important effect on the magnitude of surface water-groundwater exchange.  

The base case K value of 1.00*10-3 m/s allowed for a great deal of exchange, while increasing or 

reducing the K value led to an increase or reduction in exchange flows, respectively.  This is 

consistent with a range of other studies that have emphasized the importance of K on surface 

water-groundwater exchange (Azinheira et al, 2014; Hester and Doyle, 2008; Ward et al, 2011; 

Rahimi et al, 2015).   

 

2.4.2 Nitrate Exchange and Denitrification 

One of the most important factors controlling nitrate exchange and denitrification was 

groundwater level, which shifted the percentage of nitrate that underwent denitrification from 

around 90% to around 5% as groundwater levels were raised and the overall system became 

more gaining (Figure 10).  Changes in K and reaction rate also led to large differences in the 

amount of denitrification exhibited, while the number and type of structures only changed the 

percentage of nitrate undergoing denitrification by a few percent.  It should be noted that our 

base case with relatively high hydraulic conductivity and overall losing groundwater conditions 

was highly optimized for denitrification, leading to high amounts of denitrification seen for the 

base case model.   

In general, denitrification in the groundwater increased due to either increasing the amount of 

nitrate exchanged from the surface water to groundwater and/or increasing the reaction rate in 

groundwater.  Increasing the reaction rate within the groundwater did result in greater amounts 

of denitrification, but this may not be an easy parameter to manipulate in a natural system.  This 

adjustment shifted the system from reaction to transport limitation (Figure 9). 

Many of the other parameters adjusted in the sensitivity analysis affected the nitrate flux 

from surface water to groundwater.  These conditions generally indicate transport limitation.  For 

example, higher groundwater levels and hence greater gaining conditions resulted in reduced 

nitrate exchange from surface water to groundwater and subsequent denitrification (Figure 10).  
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Similar results were found by Rahimi et al (2015), in which changes in groundwater levels were 

found to affect nitrate removal rates and where changes in groundwater heads or stream stage as 

small as one centimeter could affect the direction and magnitude of surface water-groundwater 

exchange.   

Higher values of K similarly resulted in higher levels of denitrification (Figure 11), again by 

increasing flux of water and hence nitrate to groundwater (Hester et al, 2014; Menichino and 

Hester, 2014).  The exception was where K and hence flow rates through the groundwater were 

so high that some nitrate mass advected out of the model domain unreacted, indicating a return to 

reaction limitation.  The reaction limitation at high K would have been eased if the model 

domain had been larger, but this would have extended the already long model run times.  This 

was similar to findings of Hester et al (2016), where increasing K led to higher percent 

denitrification rates and where percent denitrification rates were very small at hydraulic 

conductivities lower than 10-4 m/s.   

Greater channel discharge values resulted in lower percentages of denitrification (Figure 12).  

This occurred because the amount of additional downwelling occurring at high flows is not 

enough to make up for the increased channel flow, so that there is a lower proportion of stream 

water that interacts with groundwater at higher flows even as the total volume of water and mass 

of nitrate interacting with the groundwater increases.  This higher nitrate flux to groundwater 

then leads to higher denitrified mass.  As discharge continues to increase, the head drop induced 

across the weir structures could decrease as the structures get drowned, which would exacerbate 

the trend of reduced percent denitrification.  These decreasing trends of denitrification with 

channel discharge are a product of selecting stream restoration practices such as weirs that 

enhance hyporheic exchange by increasing hydrostatic head drop. 

For context, it is worth noting that not all geomorphic features behave in this way, for 

example hyporheic exchange induced by ripples and dunes occurs due to form drag and actually 

increases with channel velocity and thus discharge (Elliott and Brooks, 1997).  This can lead to 

increased denitrification, for example over pool-riffle sequences (Trauth et al, 2014).  Other 

studies have shown the potential importance of dune and ripple bedforms in hyporheic zone 

reactions (Hester et al, 2014; Gomez-Velez and Harvey, 2014).  Bardini et al (2012) found that 

higher stream velocity increases flux of solutes into dune-type bedforms but simultaneously 

reduces hyporheic residence times, meaning that the effect of velocity on reactions like 
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denitrification will depend on how these two effects compare with each other.  Because dune and 

ripple type bedforms are typically created naturally, it is important to consider surface water-

groundwater exchange that is already occurring at a restoration site in order to ensure that 

practices designed to increase this exchange will not actually result in the opposite (for example, 

by structures creating a low velocity backwater that reduces exchange with dune bedforms) 

(Rana et al, 2017).   

Structure number and type also had an effect on nitrate exchange and denitrification (Figure 

13, Figure 14), although this effect was not as large as those of groundwater levels or K.  

Increasing the number of structures in general raised the percentage of denitrification by 

increasing head gradients from the channel into groundwater, thereby overcoming transport 

limitation.  Among the various structure types, fully channel-spanning weirs were the best at 

enhancing water and hence nitrate exchange, overcoming transport limitation and enhancing 

subsequent denitrification at all tested groundwater conditions.  The potential for partially 

channel-spanning weirs to enhance downwelling of nitrate exceeded that of the buried structures 

under losing conditions, but as conditions became more gaining and stream flow increased, the 

ability of buried structures and partially channel-spanning weirs to enhance downwelling of 

nitrate was nearly equal.  Denitrification percentages were generally only slightly higher when 

structures were present than when they were absent, and denitrification percentages were 

actually lower when buried structures were present than for the case without structures for losing 

and neutral groundwater conditions.  However all three structure types had less effect on nitrate 

exchange and denitrification than natural topographic patterns under all three groundwater 

conditions.  No other studies have explicitly evaluated the effect of varying the number/spacing 

or type of structure on denitrification, to our knowledge.  Prior studies have instead focused on 

denitrification induced by one or a few individual structures.  For example, Tuttle et al (2014), 

Daniluk et al (2013), Kasahara and Hill (2006b) and Lautz and Fanelli (2008) found enhanced 

denitrification near riffles and grade control structures like cross vanes, while other studies like 

Gordon et al (2013) and Zimmer and Lautz (2015) have reported that the hyporheic exchange 

produced by cross vane structures did not process significant amounts of nutrients. 

Structures exhibited the greatest increase in total percentage of denitrification with fully 

channel-spanning weirs under neutral groundwater conditions (Figure 14).  However, structures 

made up the largest contribution to total reach denitrification under strongly gaining conditions 
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and with fully channel-spanning weirs, where the addition of 20 weirs resulted in nearly a 25% 

higher amount of denitrification compared to the case without structures.  This indicates that 

individual weirs make the greatest relative contribution to reach-scale nitrate exchange under 

gaining conditions even as these conditions reduce the amount of exchange seen at individual 

weirs.   Hester et al (2016) found similar results, with weir structures helping to induce 

denitrification but at relatively small percentages (Table 4).  Another similarity of this study was 

the fact that higher groundwater levels produced more strongly gaining conditions that 

suppressed downwelling and reduced denitrification.  These two study systems are very different 

however, with the system of Hester et al (2016) consisting of a uniformly gaining stream reach 

with a relatively low channel slope, while our base case stream was losing for much of the 

stream reach with a greater channel slope and K and more complex natural topography.  These 

differences led to large percentages of denitrification at our reach even without the addition of 

structures, and the addition of structures did not greatly increase the amount of denitrification.   

The complex natural topography of our stream reach also seemed to influence the 

functioning of the buried structures.  Our buried structures were very similar in their dimensions 

and K contrast to the ones employed in Herzog et al (2016), however the stream system in which 

they were employed was quite different.  Both studies assumed a homogeneous, isotropic 

aquifer, however the system studied in Herzog et al (2016) consisted of a straight stream with a 

constant width and slope so that buried structures were the only cause of hyporheic exchange 

considered within the model.  Total denitrification percentages were therefore much higher for 

our modeled stream, although denitrification percentages directly attributable to the presence of 

buried structures were somewhat lower (Table 4).  Herzog et al (2016) found substantial effects 

of buried structures on denitrification and hyporheic flow, but here we show that these 

differences  are miniscule compared to the much greater control exerted by background 

groundwater levels and K.  We also show that natural streambed topography can be much more 

effective than any type of structure in inducing downwelling.   
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Table 5 – Comparison of Induced Hyporheic Flow and Denitrification among Different Studies 

of Instream Structures  

 

Study 

Herzog et al, 

2016, buried 

structures 

Current study, 

buried structures 

Hester et al, 2016, 

fully channel-

spanning weirs 

Current study, 

fully channel-

spanning weirs 

Induced Flows 0.023-0.151 L/s 

downwelling 

for 1 structure 

 0.01 L/s less 

downwelling per 

buried structure 

- 0.09 L/s more 

downwelling per 

full weir 

Induced 

Denitrification 

1-2% for 1 

structure 

0.01% less 

denitrification 

per buried 

structure 

1.5% per full weir 0.28% per full 

weir 

Table 5 –Values for the current study were taken from neutral groundwater conditions in order to make sure the 

groundwater conditions for the current study were not vastly different from those of Herzog et al (2016) and Hester 

et al (2016).  Induced flows and denitrification percentages for the current study were found for structures by 

subtracting the values from cases without structures from those with structures.  Values were normalized by number 

of structures, although these values are averages and may not represent the exact effect of any one structure.  Data 

from Hester et al (2016) were taken from a model run at K = 10-3 m/s in order to be most similar to our study.  Data 

from Herzog et al (2016) is for structure type E.  Our buried structures had the same K as the low and high K 

portions of the Herzog et al (2016) study, as well as similar length and width.  Data from Herzog et al (2016) is 

presented as a range across the K2 and K3 conditions, since the K contrast between the structures and the 

surrounding sediment in our study fell between the two contrast values exhibited by these conditions.    

2.4.3 Model Limitations 

Our model made several simplifying assumptions that may lead to over- or 

underestimation of exchange fluxes and denitrification.  We assumed a constant reaction rate 

throughout the model’s saturated zone, which essentially assumes that any nitrate that is located 

within the groundwater has an equal chance of undergoing denitrification.  This assumes that 

necessary conditions for denitrification to occur, such as anoxia and the presence of DOC, are 

present throughout the entire model domain.  This is a common approach in the literature 

(Gomez-Velez and Harvey, 2014; Hester et al, 2016), as is setting a maximum depth for 

denitrification to occur and considering the probability of denitrification occurring to be equal at 
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all locations above that depth (Harvey et al, 2013; Rahimi et al, 2015). However, in natural 

settings denitrification may be limited by the absence of DOC (Veraart et al, 2014).   

We also assumed no production of nitrate due to nitrification in oxic zones, which 

typically occurs along flow paths with short residence times (Zarnetske et al, 2011).  Similar to 

other studies we assumed that denitrification could be modeled using first order kinetics (Harvey 

et al, 2013; Zarnetske et al, 2015; Rahimi et al, 2015) which is valid when nitrate concentrations 

are below the reaction half-saturation constant of 1.64 mg/L (Hester et al, 2016), as they were at 

nearly all locations in this study.   

We also assumed a homogeneous, isotropic aquifer.  Homogeneity was assumed since 

heterogeneity would have been difficult to measure at our field site or model, but several studies 

indicate that an assumption of homogeneity underestimates surface water-groundwater exchange 

fluxes (Fox et al, 2016; Pryshlak et al, 2015; Cardenas et al, 2004) and denitrification (Sawyer, 

2015).  We can assume isotropic conditions increased the amount of denitrification simulated by 

the model, because we conducted an additional sensitivity analysis with a homogeneous, 

anisotropic model with otherwise base case conditions with a horizontal K to vertical K ratio of 

3.5:1 (Morris and Johnson, 1967; Assouline and Or, 2006).  This resulted in a decrease in 

percentage of denitrification from about 90% to about 64%. Although adding anisotropy causes 

the values of denitrification and surface water – groundwater exchange to change, the trends 

observed in this study should stay the same.  The assumptions of isotropy and homogeneity 

therefore had opposite effects and may have somewhat cancelled one another out, allowing for 

the use of a simpler, less computationally intense model that was set up similarly to those used in  

previous studies (Hester et al, 2016; Herzog et al, 2016).  

2.4.4 Engineering Applications 

This study shows how various watershed setting and corresponding environmental 

characteristics affect reach-scale denitrification, and which stream types may be best suited for 

the addition of restoration structures.  Overall, it is clear that while structures do enhance the 

exchange of nitrate from the stream to groundwater and the subsequent denitrification, natural 

streambed topography can have an even larger effect.  Furthermore, other factors including 

groundwater levels and K are more important in controlling the amount of denitrification.  For 

example, although denitrification increased by about 25% with the addition of 20 weirs under 

strongly gaining conditions, this still resulted in only about 1% more of the total nitrate that 
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entered the stream undergoing denitrification.  Groundwater levels also control how much 

downwelling was induced by structures.  This calls into question the feasibility of reducing 

nitrate concentrations using weirs.  These results are consistent with Hester et al (2016), in which 

weir structures did help to induce downwelling and denitrification, but the amount of 

denitrification caused by the weirs was low compared to the amount of nitrate within the system. 

Because groundwater levels and streambed K vary throughout stream networks and are 

controlled more by natural processes or watershed-level human activities such as agriculture and 

urbanization, our results indicate that where within a watershed a stream restoration project 

occurs may have more effect on induced hyporheic exchange and hence denitrification than what 

type of restoration practice is used.  Construction and agriculture can promote higher silt loads to 

streams, leading to clogging of interstitial spaces within sediment and lowering streambed K 

(Hancock, 2002).  Urbanization also promotes higher peak storms flows due to increased 

impervious surfaces, which can promote downcutting, disconnection from floodplains, and bank 

erosion (Poff et al, 1997).  Streams are also channelized or straightened in urban areas 

(Newcomer Johnson et al, 2016), and these reductions in geomorphic complexity may lead to 

reductions in naturally-occurring hyporheic exchange (Tuttle et al, 2014).  Burial of urban 

streams has been shown to reduce nitrate uptake (Beaulieu et al, 2015), and also may disconnect 

the stream from the surrounding groundwater.  These processes all affect surface water-

groundwater exchange by affecting K or the channel form (Merrill and Tonjes, 2014), the latter 

in turn affecting the hydraulic gradients that drive exchange, and/or the area of streambed or 

banks through which exchange is occurring.  For example, the addition of structures as a 

restoration practice may make the largest relative difference to surface water-groundwater 

exchange in a channel with low geomorphic complexity and low levels of natural exchange.  The 

steep slope and variance in longitudinal gradient at this site allowed for large amounts of natural 

nitrate exchange and denitrification, which may be less likely at streams with a more gradual 

gradient.  Structures may therefore be more effective at increasing exchange significantly above 

background levels at sites with shallower longitudinal gradients.  Similarly, addition of structures 

is more effective in neutral or losing conditions.  In both cases the background conditions that 

are ideal for addition of structures cannot be directly engineered.  Nevertheless, there are 

straightforward field techniques, such as reusable piezometers that can be quickly installed and 

removed from the streambed, that can assess these background characteristics in the field, and 
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provide a basis for screening possible restoration sites based on potential effectiveness of 

structures.  In addition other reach-scale techniques that affect stream topography, such as the 

addition of pool-riffle sequences, may be more effective and are deserving of investigation 

(Schwartz et al, 2015; Kasahara and Hill, 2006a; Naranjo et al, 2015).   

More broadly, to enhance surface water-groundwater exchange and associated 

denitrification, it may be more effective to consider larger scale actions that affect peak storm 

flows and sediment erosion/mobility than local modifications to reach-scale stream 

characteristics.  Furthermore, watershed scale actions like reducing the addition of fine sediment 

and nutrients to streams may be more effective than the addition of restoration structures 

designed to increase nutrient removal.  These interactions between watershed scale and river 

reach scale processes and their effects on hyporheic exchange and the effectiveness of restoration 

practices are ripe areas for further research.  

A final conclusion of our study is that the percent of nitrate that is denitrified in a given 

stream reach can vary widely from nearly all of the inflowing nitrate to nearly none (Figure 10, 

Figure 11).  This calls into question the high number of significant digits given for nitrate 

removal credits for Protocol 2 enhancement of hyporheic exchange in the recent Chesapeake Bay 

guidance (Berg et al, 2014).  This great variability in removal is caused by a range of factors that 

are either naturally controlled or controlled by human actions at the watershed level as discussed 

above.  This in turn calls into question the lack of provision within the Chesapeake Bay guidance 

for variation of Protocol 2 nitrate credits within a watershed or among watersheds.  More 

fundamentally, it also calls into question the focus of much current stream restoration practice 

for water quality purposes exclusively at the reach scale (Bernhardt et al, 2005; Palmer et al, 

2014; Wohl et al, 2015).  Coordination and consideration of restoration efforts at larger scales 

can be more challenging than reach scale projects, but the return on this investment may be 

substantial. 

 

  



56 

 

2.5 References 

Alexander, R. B., R. A. Smith, and G. E. Schwarz. 2000. Effect of stream channel size on the 

delivery of nitrogen to the Gulf of Mexico. Nature 403:758-761. 

Anderson, M.P., W.W. Woessner, and R.J. Hunt. 2015. Applied Groundwater Modeling: 

Simulation of Flow and Advective Transport. Second Edition. Academic Press: Elsevier 

Inc.  

Appelo, C.A.J., and D. Postma. 2005. Geochemistry, Groundwater, and Pollution. Second 

Edition. Leiden, the Netherlands: A.A. Balkema Publishers.  

Assouline, S. and D. Or. 2006. Anisotropy factor of saturated and unsaturated soils. Water 

Resour. Res. 42: W12403.  

Azinheira, D.L., D.T. Scott, W. Hession, and E.T. Hester. 2014. Comparison of effects of inset 

floodplains and hyporheic exchange induced by in-stream structures on solute retention. 

Water Resour. Res. 50: 6168-6190.  

Bardini, L., F. Boano, M.B. Cardenas, R. Revelli, and L. Ridolfi. 2012. Nutrient cycling in 

bedform induced hyporheic zones. Geochim. Cosmochim. Acta. 84: 47–61.  

Beaulieu, J.J., H.E. Golden, C.D. Knightes, P.M. Mayer, S.S. Kaushal, M.J. Pennino, C.P. 

Arango, D.A. Balz, C.M. Elonen, K.M. Fritz, and B.H. Hill. 2015. Urban stream burial 

increases watershed-scale nitrate export. PLoS ONE. 10(7): e0132256. 

Berg, J., J. Burch, D. Cappuccitti, S. Filoso, L. Fraley-McNeal, D. Goerman, N. Hardman, S. 

Kaushal, D. Medina, M. Meyers, B. Kerr, S. Stewart, B. Sullivan, R. Walter and J. 

Winters. 2014. Recommendations of the Expert Panel to Define Removal Rates for 

Individual Stream Restoration Projects. Chesapeake Bay Program.  

Bernhardt, E.S. et al. 2005. Synthesizing U.S. river restoration efforts. Science. 308(5722): 636-

637.   

Brunke, M. and T. Gosner. 1997. The ecological significance of exchange processes between 

rivers and groundwater. Freshwater Biology. 37: 1-33.   

Cardenas, M.B., J.L. Wilson, and V.A. Zlotnik. 2004. Impact of heterogeneity, bed forms, and 

stream curvature on subchannel hyporheic exchange. Water Resour. Res. 40. W08307.  

Chapra, S.C. 1997. Surface Water-Quality Modeling. Long Grove, IL: Waveland Press.   

Chaudhry, M.H. 2008. Open-Channel Flow. Second Edition. New York, NY: Springer.   



57 

 

Craig, L.S., M.A. Palmer, D.C. Richardson, S. Filoso, E.S. Bernhardt, B.P. Bledsoe, M.W. 

Doyle, P.M. Groffman, B.A. Hassett, S.S. Kaushal, P.M. Mayer, S.M. Smith and P.R. 

Wilcock. 2008. Stream restoration strategies for reducing river nitrogen loads. Frontiers 

in Ecology and the Environment. 6(10): 529-538.   

Crispell J.K. and T.A. Endreny. 2009. Hyporheic exchange flow around constructed in-channel 

structures and implications for restoration design. Hydrol. Process. 23: 1158-1168.  

Daniluk, T.L., L.K. Lautz, R.P. Gordon, and T.A. Endreny. 2013. Surface water-groundwater 

interaction at restored streams and associated reference reaches. Hydrol. Process. 27: 

3730-3746.  

DHI (Danish Hydraulic Institute). 2016a. MIKE 11 User Manual, vol. 2, Reference Guide, DHI, 

Hørsholm, Denmark.   

DHI (Danish Hydraulic Institute). 2016b. MIKE SHE User Manual, vol. 1, User Guide, DHI, 

Hørsholm, Denmark.   

DHI (Danish Hydraulic Institute). 2016c. MIKE SHE User Manual, vol. 2, Reference Guide, 

DHI, Hørsholm, Denmark.   

Elliott, A.H., and N.H. Brooks. 1997. Transfer of nonsorbing solutes to a streambed with bed 

forms: Theory. Water Resour. Res. 33(1): 123-136.   

Fanelli, R.M. and L.K. Lautz. 2008. Patterns of water, heat, and solute flux through streambeds 

around small dams. Ground Water. 46(5): 671-687.  

Fox, A., G. Laube, C. Schmidt, J.H. Fleckenstein and S. Arnon. 2016. The effect of losing and 

gaining flow conditions on hyporheic exchange in heterogeneous streambeds. Water 

Resour. Res. 52: 7460-7477.   

Freeze, R.A., and J.A. Cherry. 1979. Groundwater. Upper Saddle River, NJ: Prentice Hall.  

Getirana, A.C.V., and R.C.D. Paiva. 2013. Mapping large-scale river flow hydraulics in the 

Amazon basin. Water Resour. Res. 49: 2437-2445.   

Gomez-Velez, J.D., and J.W. Harvey. 2014. A hydrogeomorphic river network model predicts 

where and why hyporheic exchange is important in large basins. Geophys. Res. Lett. 41: 

6403-6412.   

Gooseff, M.N., J.K. Anderson, S.M. Wondzell, J. LaNier and R. Haggerty. 2006. A modelling 

study of hyporheic exchange pattern and the sequence, size, and spacing of stream 

bedforms in mountain stream networks, Oregon, USA. Hydrol. Process. 20: 2443-2457. 



58 

 

Gordon, R.P., L.K. Lautz, and T.L. Daniluk. 2013. Spatial patterns of hyporheic exchange and 

biogeochemical cycling around cross-vane restoration structures: Implications for stream 

restoration design. Water Resour. Res. 49: 2040-2055.  

Gruber, N and J.N. Galloway. 2008. An Earth-system perspective of the global nitrogen cycle. 

Nature. 451(7176): 293-296.   

Gupta, R.S. 2008. Hydrology and Hydraulic Systems. Third Edition. Long Grove, IL: Waveland 

Press. 

Hancock, P.J. 2002. Human impacts on the stream-groundwater exchange zone. Environmental 

Management. 29(6): 763-781.  

Harvey, J.W., and K.E. Bencala. 1993. The effect of streambed topography on surface-

subsurface water exchange in mountain catchments. Water Resour. Res. 29(1): 89-98. 

Harvey, J.W., J.K. Bӧhlke, M.A. Voytek, D. Scott, and C.R. Tobias. 2013. Hyporheic zone 

denitrification: Controls on effective reaction depth and contribution to whole-stream 

mass balance. Water Resour. Res. 49: 6298-6316.   

Herzog, S.P., C.P. Higgins, and J.E. McCray. 2016. Engineered streambeds for induced 

hyporheic flow: enhanced removal of nutrients, pathogens, and metals from urban 

streams. J. Environ. Eng. 142(1): 04015053.   

Hester, E.T. and M.W. Doyle. 2008. In-stream geomorphic structures as drivers of hyporheic 

exchange. Water Resour. Res. 44, W03417.   

Hester, E.T., M.W. Doyle, and G.C. Poole. 2009. The influence of in-stream structures on 

summer water temperatures via induced hyporheic exchange. Limnol. Oceanogr. 54(1): 

355-367.  

Hester, E.T. and M.N. Gooseff. 2011. Hyporheic restoration in streams and rivers. Pages 167-

187 in A. Simon, S.J. Bennett, and J.M. Castro (editors). Stream Restoration in Dynamic 

Fluvial Systems: Scientific Approaches, Analyses, and Tools. Geophysical Monograph 

Series 194, American Geophysical Union, Washington, DC.  

Hester, E.T., B. Hammond, and D.T. Scott. 2016. Effects of inset floodplains and hyporheic 

exchange induced by in-stream structures on nitrate removal in a headwater stream.  

Ecological Engineering 97: 452-464.   



59 

 

Hester, E.T., K.I. Young, and M.A. Widdowson. 2014. Controls on mixing-dependent 

denitrification in hyporheic zones induced by riverbed dunes: A steady state modeling 

study. Water Resour. Res. 50: 9048-9066.  

Hubbard Jr., K.A., L.K. Lautz, M.J. Mitchell, B. Mayer and E.R. Hotchkiss. 2010. Evaluating 

nitrate uptake in a Rocky Mountain stream using labelled 15N and ambient nitrate 

chemistry. Hydrol. Process. 24: 3322-3336.  

Jaber, F.H., and S. Shukla. 2012. MIKE SHE: model use, calibration, and validation. 

Transactions of the ASABE. 55(4): 1479-1489.   

Johnson, Z.C., J.J. Warwick, and R. Schumer. 2015. A numerical investigation of the potential 

impact of stream restoration on in-stream N removal. Ecological Engineering. 83: 96-

107.   

Jones, J. B. and P. J. Mulholland. 2000. Streams and ground waters. Academic Press, San Diego, 

CA. 

Kasahara, T. and A.R. Hill. 2006a. Effects of riffle-step restoration on hyporheic zone chemistry 

in N-rich lowland streams. Can. J. Fish. Aquat. Sci. 63: 120-133.  

Kasahara, T. and A.R. Hill. 2006b. Hyporheic exchange flows induced by constructed riffles and 

steps in lowland streams in southern Ontario, Canada. Hydrol. Process. 20: 4287-4305.  

Kasahara T. and S.M. Wondzell. 2003. Geomorphic controls on hyporheic exchange flow in 

mountain streams. Water Resour. Res. 39(1): WR001386.   

Kaushal, S.S., P.M. Groffman, P.M. Mayer, E. Striz and A.J. Gold. 2008. Effects of stream 

restoration structures on denitrification in an urbanizing watershed. Ecological 

Applications. 18(3): 789-804. Klocker, C.A., S.S. Kaushal, P.M. Groffman, P.A. Mayer, 

and R.P. Morgan. 2009. Nitrogen uptake and denitrification in restored and unrestored 

streams in urban Maryland, USA. Aquat. Sci. 71(4): 411-424.  

Lautz, L.K. and R.M. Fanelli. 2008. Seasonal biogeochemical hotspots in the streambed around 

restoration structures. Biogeochemistry. 91: 85-104.   

Lawrence, J.E., M.E. Skold, F.A. Hussain, D.R. Silverman, V.H. Resh, D.L. Sedlak, R.G. Luthy 

and J.E. McCray. 2013. Hyporheic zone in urban streams: a review and opportunities for 

enhancing water quality and improving aquatic habitat by active management. Environ. 

Engin. Science. 30(8): 480-501.   



60 

 

Lewandowski, J. and G. Nützmann. 2010. Nutrient retention and release in a floodplain’s aquifer 

and in the hyporheic zone of a lowland river. Ecological Engineering. 36: 1156-1166.  

Malzone, J.M., C.S. Lowry, and A.S. Ward. 2016. Response of the hyporheic zone to transient 

groundwater fluctuations on the annual and storm event time scales. Water Resour. Res., 

52: 5301-5321.   

Mayer, P.M. P.M. Groffman, E.A. Striz, and S.S. Kaushal. 2010. Nitrogen dynamics at the 

groundwater–surface water interface of a degraded urban stream. J. Environ. Qual. 39: 

810–823.  

McCuen, R.H. 1989. Hydrologic Analysis and Design. Englewood Cliffs, NJ: Prentice Hall.   

Menichino, G.T. and E.T. Hester. 2014. Hydraulic and thermal effects of in-stream structure-

induced hyporheic exchange across a range of hydraulic conductivities. Water Resour. 

Res. 50: 4643-4661.   

Merill, L. and D.J. Tonjes. 2014. A review of the hyporheic zone, stream restoration, and means 

to enhance denitrification. Critical Reviews in Environmental Science and Technology. 

44(21): 2337-2379.   

Miller, J.R. and R.C. Kochel. 2013. Use and performance of in-stream structures for river 

restoration: a case study from North Carolina. Environ. Earth Sci. 68: 1563-1574.  

Morris, D.A., and A.I. Johnson. 1967. Summary of hydrologic and physical properties of rock 

and soil Materials, as analyzed by the hydrologic laboratory of the U.S. Geological 

Survey 1948-60. Geological Survey Water Supply Paper 1839-D. United States 

Government Printing Office, Washington.  

Moussa, R. and C. Bocquillon. 1996. Criteria for the choice of flood-routing methods in natural 

channels. Journal of Hydrology. 186(1-4): 1-30.   

Naranjo, R.C., R.G. Niswonger, and C.J. Davis. 2015. Mixing effects on nitrogen and oxygen 

concentrations and the relationship to mean residence time in a hyporheic zone of a riffle-

pool sequence. Water Resour. Res. 51: 7202-7217.   

Newcomer Johnson, T.A., S.S. Kaushal, P.M. Mayer, R.M. Smith, and G.M. Sivirichi. 2016. 

Nutrient retention in restored streams and rivers: a global review and synthesis. Water. 

8(4): 116.   

Palmer, M.A., S. Filoso, and R.M. Fanelli. 2014. From ecosystems to ecosystem services: stream 

restoration as ecological engineering. Ecological Engineering. 65: 62-70.  



61 

 

Pionke, H.B., W.J. Gburek, R.R. Schnabel, A.N. Sharpley, and G.F. Elwinger. 1999. Seasonal 

flow, nutrient concentrations and loading patterns in stream flow draining an agricultural 

hill-land watershed. Journal of Hydrology. 220(1-2): 62-73.   

Poff, N.L., J.D. Allan, M.B. Bain, J.R. Karr, K.L. Prestegaard, B.D. Richter, R.E. Sparks, and 

J.C. Stromberg. 1997. The natural flow regime: a paradigm for river conservation and 

restoration. BioScience. 47(11): 769-784.  

Pryshlak, T.T., A.H. Sawyer, S.H. Stonedahl and M.R. Soltanian. 2015. Multiscale hyporheic 

exchange through strongly heterogeneous sediments. Water Resour. Res. 51: 9127-9140.   

Rahimi, M., H.I. Essaid, and J.T. Wilson. 2015. The role of dynamic surface water-groundwater 

exchange on streambed denitrification in a first-order, low-relief agricultural watershed. 

Water Resour. Res. 51: 9514-9538.  

Rana, S.M.M., D.T. Scott, and E.T. Hester. 2017. Effects of in-stream structures and channel 

flow rate variation on transient storage. Journal of Hydrology. 548: 157-169.   

Royer, T.V., M.B. David, and L.E. Gentry. 2006. Timing of riverine transport of nitrate and 

phosphorus from agricultural watersheds in Illinois: implications for reducing nutrient 

loading to the Mississippi River. Environ. Sci. Technol. 40: 4126-4131.   

Sawyer, A.H. 2015. Enhanced removal of groundwater-borne nitrate in heterogeneous aquatic 

sediments. Geophys. Res. Lett. 42: 403-410.   

Striz, E. and P. Mayer, 2008.  Assessment of near-stream ground water-surface water interaction 

(GSI) of a degraded stream before restoration.  U.S. Environmental Protection Agency 

Office of Research and Development.  EPA 600/R-07/058. 

Schwartz, J.S., K.J. Neff, F.E. Dworak, and R.R. Woockman. 2015.  Restoring riffle-pool 

structure in an incised, straightened urban stream channel using an ecohydraulic 

modeling approach. Ecological Engineering. 78: 112-126.   

Tanguy, J.-M. (Ed). 2010. Environmental Hydraulics: volume 2, Mathematical Models. London, 

UK: ISTE Ltd. and Hoboken, NJ: John Wiley and Sons, Inc. 

Todd, D.K., and L.W. Mays. 2005. Groundwater Hydrology. Third Edition. Hoboken, NJ: John 

Wiley and Sons, Inc.  

Trauth, N., C. Schmidt, M. Vieweg, U. Maier and J.H. Fleckenstein. 2014. Hyporheic transport 

and biogeochemical reactions in pool-riffle systems under varying ambient groundwater 

flow conditions. J. Geophys. Res. Biogeosci. 119: 910-928.  



62 

 

Trauth, N, C. Schmidt, M. Vieweg, S.E. Oswald, and J.H. Fleckenstein. 2015. Hydraulic controls 

of in-stream gravel bar hyporheic exchange and reactions. Water Resour. Res. 51: 2243-

2263.   

Tuttle, A.K., S.K. McMillan, A. Gardner, and G.D. Jennings. 2014. Channel complexity and 

nitrate concentrations drive denitrification rates in urban restored and unrestored streams. 

Ecological Engineering. 73: 770-777.   

USEPA. 2010. Chesapeake Bay Total Maximum Daily Load for Nitrogen, Phosphorus and 

Sediment. U.S. Environmental Protection Agency, Region 3.  

USEPA. 2008. Handbook for Developing Watershed TMDLs. U.S. Environmental Protection 

Agency, Office of Water, Office of Wetlands, Oceans, and Watersheds.   

Vaux, W. G. 1968. Intragravel flow and interchange of water in a streambed. United States Fish 

and Wildlife Service Fishery Bulletin 66:479-489. 

Veraart, A.J., J. Audet, M.R. Dimitrov, C.C. Hoffmann, F. Gillissen, and J.J.M. de Klein. 2014. 

Denitrification in restored and unrestored Danish streams. Ecological Engineering. 66: 

129-140.  

Ward, A.S., M.N. Gooseff, and P.A. Johnson. 2011. How can subsurface modifications to 

hydraulic conductivity be designed as stream restoration structures? Analysis of Vaux’s 

conceptual models to enhance hyporheic exchange. Water Resour. Res. 47: W08512.  

Wohl, E., S.N. Lane, and A.C. Wilcox. 2015. The science and practice of river restoration. Water 

Resour. Res. 51: 5974-5997.  

Zarnetske, J.P., R. Haggerty, S.M. Wondzell, and M.A. Baker. 2011. Dynamics of nitrate 

production and removal as a function of residence time in the hyporheic zone. J. 

Geophys. Res. 116: G01025.   

Zarnetske, J.P., R. Haggerty, and S.M. Wondzell. 2015. Coupling multiscale observations to 

evaluate hyporheic nitrate removal at the reach scale. Freshwater Science. 34(1): 172-

186.   

Zimmer, M.A. and L.K. Lautz. 2015. Pre- and postrestoration assessment of stream water-

groundwater interactions: effects on hydrological and chemical heterogeneity in the 

hyporheic zone. Freshwater Science. 34(1): 287-300.   

 

  



63 

 

3 Engineering Applications 

This study sought to investigate how several types of instream restoration structures, as well 

as various environmental and watershed characteristics, affect reach-scale hyporheic zone 

denitrification.  It was found that many of these parameters do affect surface water-groundwater 

exchange and denitrification, to varying degrees.  Groundwater levels, hydraulic conductivity, 

stream slope and topography, and denitrification reaction rate are all important controls that 

made large differences in the amount of denitrification exhibited within the reach.  Groundwater 

levels affected the overall magnitude of losing and gaining within the reach, so that lowered 

groundwater levels resulted in more losing conditions along the reach and therefore greater 

amounts of denitrification as more nitrate was exchanged from surface to groundwater.  Higher 

hydraulic conductivity similarly allowed greater exchange of nitrate from surface to 

groundwater, resulting in higher amounts of denitrification.  The stream topography influenced 

the relation between surface water and groundwater heads, which in turn influenced which areas 

of the reach tended to exhibit losing or gaining.  Steeper reaches tended to exhibit more gaining 

and shallower-sloping reaches tended to exhibit more losing, so that structures added in steeper 

sections of the reach induced lower downwelling fluxes compared to structures added to more 

gradually-sloping sections.  Finally, higher denitrification reaction rates resulted in greater 

amounts of denitrification, which could be influenced in a field setting by DO or DOC 

concentrations or by denitrifier abundance (Zarnetske et al, 2011; Harvey et al, 2013).    

Structure type and number generally had a smaller effect on surface water-groundwater 

exchange and denitrification than watershed setting.  Fully channel-spanning weirs, partially 

channel-spanning weirs, and buried structures all induced similar amounts of surface water-

groundwater exchange and denitrification, although fully channel-spanning weirs always induced 

the most.  Utilizing 20 fully channel-spanning weirs as opposed to the base case 10 weirs 

resulted in higher amounts of denitrification, although the overall difference in denitrification 

due to the addition of structures was never more about 5%.  Structures therefore did help to 

increase the amount of denitrification within the system, but only by a few percent, with natural 

processes related to stream topography and groundwater levels influencing much greater 

amounts of nitrate decay.  This demonstrates that watershed setting and corresponding 

environmental characteristics may be more important for inducing surface water-groundwater 

exchange and denitrification than the addition of instream structures.  Further, this study shows 
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the importance of structure location, as structures within certain areas of the stream reach tended 

to induce greater downwelling than those located in other areas.   

Some of the structures investigated in this study may have other uses other than promoting 

downwelling or hyporheic exchange.  Fully and partially channel-spanning weirs approximate 

several types of structures, such as cross vanes and J-hooks, that are often employed for grade 

control and for reducing bank erosion (Miller and Kochel, 2013; Rosgen, 2001).  These 

structures may also be used to promote hydraulic gradients across meander bends (Han et al, 

2015).  Further, the studied stream had a relatively high slope, so it is possible that instream 

structures may have a greater effect on surface water-groundwater exchange and denitrification 

at a site with a lower slope where stream topography is less of a control on gaining and losing 

within the stream reach.  This will likely hold especially true at locations with high streambed 

hydraulic conductivity allowing for large amounts of surface water-groundwater exchange.  

Other types of reach scale restoration affecting stream topography may also be considered, such 

as the addition of pool-riffle sequences (Schwartz et al, 2015; Kasahara and Hill, 2006; Naranjo 

et al, 2015).  Finally, it is important to remember that stream restoration, especially when limited 

to the reach scale, should not be considered the only method by which water quality 

improvements may be made.  Watershed factors like reducing nutrient loads to streams should be 

considered when seeking to improve water quality (Lammers, 2015; Craig et al, 2008; Kaushal et 

al, 2008).  Given that agriculture and urbanization can lead to reduced hyporheic zone function 

and higher nutrient loading, a larger watershed scale consideration including these factors should 

be undertaken when seeking to reduce nutrient export of streams and rivers.  Practices such as 

reducing fertilizer use, improved stormwater management, and the prevention of fine sediment 

runoff from construction sites can all help to maintain hyporheic exchange and function and 

prevent nutrient runoff to streams.   

Since agriculture and urbanization can lead to streams with lower K and reduced geomorphic 

complexity, in turn reducing natural hyporheic exchange, structures may be most effective at 

inducing water quality improvements at locations impacted by anthropogenic processes.  Thus 

the possibility still remains for instream structures to make significant contributions to removal 

of excess nitrate in streams, in turn helping to reduce outflow of nutrients to lakes and oceans 

and subsequent eutrophication.  The choice of restoration structure location is important, 

however structures are able to induce the removal of nitrate from streams and serve a role among 
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the range of stream and watershed management options to solve the global epidemic of elevated 

nitrate in waterways.   
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Appendix A: Detailed Description of Modeling Methodology 

A.1 - Introduction 

This appendix is designed to supplement section 2.2 in order to provide additional information 

on modeling methodology for future researchers.  MIKE SHE is a hydrologic modeling program 

that integrates many different components of the water cycle, including groundwater flow, one 

(channel) and two (overland) dimensional surface water flow, unsaturated zone flow, and 

precipitation and evapotranspiration, among other processes.  The program also can simulate 

solute transport and simple reactions.  For this study, the three dimensional groundwater flow 

and two dimensional overland flow components were used, along with solute transport modeled 

using the advection-dispersion equation and a first order decay reaction in the saturated zone 

component of the model.  Due to difficulties in quantifying exchange between channels and 

groundwater at individual locations, the two dimensional overland flow component was used for 

simulating surface water flow instead of the one dimensional channel flow component. 

MIKE SHE employs some unique file types, known as .dfs0, .dfs1, .dfs2, and .dfs3 files.  

.dfs2 files are plan view grids, while .dfs3 files are similar but contain multiple layers.  .dfs0 files 

specify values of various parameters as spatial constants for multiple time steps, such as 

specifying a tracer loading that only occurs in one location but that varies over time.   

 

A.2 – Modeling Methodology  

A.2.1 – Hydraulic Modeling 

In MIKE SHE, water movement (WM) simulations are first run, followed by transport 

and reaction (Water Quality/WQ) simulations.  Water movement simulations solved for 

groundwater flow, which ran quickly but could take a long time to reach steady state for the runs 

with low K, and overland flow, which reached steady state quickly (about 1 hour model time) but 

required a long time to run (usually 4-10 hours computational time per hour model time).  In 

order to keep simulations including overland flow relatively short, groundwater levels were set 

close to their steady state levels for final model runs.  This required several steps when initially 

setting up the model. 

1. The initial model was run at K = 9.986*10-4 m/s, and thus the groundwater 

component reached steady state within a few hours of model time.  For the very first 

runs, an initial saturated zone head file (referred to as an initial potential head file, it 
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is a .dfs2 file) was generated by allowing MIKE SHE to interpolate between known 

groundwater heads at wells entered using a Point XYZ .txt file.  This was used for all 

model layers.  After a combined overland flow-groundwater flow model had been 

run, these initial results were extracted and used as the initial groundwater head and 

overland flow depth files for model calibration. Since the groundwater boundary 

conditions were being continually adjusted during model calibration and since K was 

high for these runs, the initial groundwater head files were not further refined until 

calibration was completed. 

2. A separate set of initial groundwater head files was developed for final model runs 

that employed base case groundwater conditions.  These files were particularly useful 

for cases with reduced hydraulic conductivity, where groundwater heads needed to be 

as close to final values as possible to reduce run times.  First, the steady state 

groundwater solver was run with the results for surface water depth from the base 

case combined overland and groundwater flow simulation.  When the steady 

groundwater solver is used but overland flow is still selected, overland flow is not 

calculated but surface water heads are still able to influence those of groundwater.  In 

this way, the simulation can be run for a long model time without requiring a long 

computational time.  The groundwater head results from these runs were then used as 

the initial groundwater head results for final model runs, including a re-running of the 

base case.  Results files for each layer were extracted in order to be used as initial 

groundwater levels for their corresponding layers in final runs.  Higher stream flow 

results were used for the initial overland flow files in final runs, as these actually 

reached steady state more quickly than the actual results did (likely because these 

were more quickly able to overtop the weirs).   

3. For runs with adjusted groundwater conditions, a separate set of initial groundwater 

head files were developed.  New boundary condition files were first developed, as 

will be discussed later.  These were run in an initial combined overland and 

groundwater flow simulation with high K in order to generate a results file for surface 

water depth with higher groundwater levels.  The surface water depth results files 

were then used in a simulation employing the steady state groundwater solver so that 

the model could be run for 21 days model time, while the simulations only took about 
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half an hour computational time.  The groundwater head results from this were then 

used for their corresponding saturated zone layers in final runs with adjusted 

groundwater levels.   

The water movement simulations were considered to have reached steady state when 

overland flow storage (as assessed from the water balance output) changed by less than 0.01 L/s 

totaled over the entire model domain (i.e. less than about 0.1% of the overland flow rate) and 

groundwater storage totaled over the entire model domain changed by less than 0.5 L/s.  

Typically the values were actually much lower than this, although the simulations with low 

hydraulic conductivity took longer to reach steady state and were more likely to be near this 

cutoff at the end of their simulations.  Surface water-groundwater fluxes were not changing by a 

noticeable amount at this point, so exchange and denitrification could be examined for steady 

state conditions.   

 

A.2.2 Solute Transport and Reactions Modeling 

A solute representing nitrate was added to the overland flow component at the geographic 

location of the injection point in the field experiments, 40 m upstream of the first measuring 

station (MS1).  Nitrate was added continuously over the course of water quality simulations at a 

mass loading rate designed to produce a stream concentration of 1 mg/L at MS1 under base case 

groundwater conditions.  Water quality simulations were run for three to seven days (model 

time) which took about one to three hours (computational time).  Longer runs were required for 

simulations with low K, which took longer to reach steady state.  Steady state was considered to 

be reached when saturated zone storage of nitrate was constant to five significant digits, and this 

was typically achieved within about 36 hours (model time) at base case K.  Water quality runs 

were conducted with storing intervals of 1 minute in the overland flow component and 0.4 hours 

in the saturated zone component.  Storing intervals for mass balance outputs were also 0.4 hours.  

Maximum transport time steps were one minute in the overland flow component and six minutes 

in the saturated zone component, although these were also constrained by Courant numbers for 

which the MIKE SHE recommended values were used.   
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A.2.3 Post Processing 

MIKE SHE automatically generates grid series output for several parameters, including 

overland and groundwater flow, groundwater heads and surface water depth, fluxes between 

surface water and groundwater and solute concentrations in groundwater and surface water.  

MIKE SHE also automatically generates a mass balance summary for water quality runs, from 

which percentages of nitrate that underwent denitrification were calculated.  A water balance can 

be extracted using a MIKE SHE .wbl or water balance file.  These were examined for most 

model runs (only one was examined for cases where the water balance should not change, such 

as for changing reaction rate).  Longitudinal plots along the stream thalweg were developed by 

finding thalweg cells along the length of the stream (i.e. the cells with highest surface water 

depth) and setting up an Excel file to extract results from those cells.  Grid output could then 

simply be copied onto this template for all the thalweg cell values to be extracted so that they 

could then be graphed.  Longitudinal plots of water fluxes were developed by first summing the 

grids for surface water-groundwater flux (negative values in grid format) and groundwater-

surface water flux (positive values in grid format), so that each cell showed the overall exchange 

flux at that location.  This was also done for nitrate exchange graphs, except that before summing 

positive and negative fluxes, the water fluxes were multiplied by grids containing nitrate 

concentration values so that mass flux was represented in the final extracted results.  Surface 

water-groundwater nitrate exchange was determined by multiplying surface water nitrate 

concentrations by surface water-groundwater water fluxes, while groundwater-surface water 

nitrate exchange was determined by multiplying groundwater nitrate concentrations (from the 

uppermost computational layer) by groundwater-surface water fluxes of water.   

 

A.3 Detailed Description of Modeling Inputs 

A.3.1 Simulation Specifications 

The overland flow, saturated flow, and advection-dispersion water quality options were 

employed.  The maximum allowed saturated zone time step was 0.01 hours, and the maximum 

allowed overland flow time step was 0.001 hours.  Storing time steps were 0.1 hours for all water 

movement grid series output.  The explicit overland flow solver was used.  The implicit transient 

preconditioned conjugate gradient solver was used for saturated zone flow, except for some 

calibration runs where the implicit steady state preconditioned conjugate gradient solver was 
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used.  Water quality was included both for the overland flow and saturated flow components, 

with sorption and decay processes option switched on for water quality processes.  Water quality 

was calculated using the finite difference advection-dispersion method, although random walk 

particle tracking can also be employed.  Flow results from the last storing time step of the water 

movement simulation were recycled for the water quality runs, and water quality runs were 

typically about three days (model time), although some were longer in order for steady state to 

be reached.  The only species included for final runs was dissolved nitrate with a high solubility 

value, no sorption processes, and decay independent of temperature and water content.  

Recommended values were used for all other specification parameters.   

 

A.3.2 Model Domain Development 

Several options are available for developing a model domain in MIKE SHE, including 

using ArcGIS shapefiles.  Here, a .dfs2 file was built to represent the model domain using MIKE 

SHE’s code for domain files of cells labelled with the number 2 representing model boundaries 

and cells labelled with the number 1 representing internal model cells.  The domain shape was 

designed to encompass the full stream length as well the locations of all four groundwater wells 

so that these could be used as calibration points.  The grid was set to be 0.5 by 0.5 m, and the 

domain encompasses a portion of a grid with 186 columns and 451 rows.  In sum, the domain 

consists of 22,656 cells, including 922 boundary cells.   

 

A.3.3 Topography 

A .dfs2 file was developed for the model topography.  Typically a DEM file can be used 

for model topography, however in this case that was not sufficient since available elevation data 

was on too large of a scale to be used for constraining stream flow.  A preliminary base 

topography file was designed in Excel by adding eighteen surveyed cross sections at their 

corresponding geographic locations within the model domain, interpolating the thalweg in a 

straight line between these cross sections, and adding in stream banks by repeating the same 

bank configuration as the nearest upstream cross section.  This produced a coarse version of the 

stream topography, since stream banks did lose elevation downstream but their geomorphology 

was not interpolated, and since the plan view structure of the stream was simplified.  Hillslopes 
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around the stream were filled in using slope values determined from a USGS topographic map 

(McDonald’s Mill Quadrangle, VA).   

The stream geomorphology was more precisely built in the 1D channel model MIKE 11.  

This was done by creating a text file in the ASCII format and importing it into a MIKE 11 

network file (this format is described in the MIKE 11 user manual, and ArcGIS can also be used 

to develop this file type).  A cross section file was developed in MIKE 11 using the surveyed 

cross sections.  As a note of caution, transverse values (i.e. the y dimension) must be entered into 

this file in ascending order for an individual cross section to allow MIKE 11 to couple to MIKE 

SHE.  The longitudinal locations along the stream of the cross sections were specified.  A MIKE 

11 simulation file was set up with the network and cross section files attached, and with default 

values used for the other necessary file types.  The entire reach in MIKE 11 was specified as a 

coupling reach with MIKE SHE, and the automatic flood area option was selected in the MIKE 

SHE links tab in the MIKE 11 network file.  The “use cross section” option was selected for the 

bed topography category, and 1 was chosen as a flood code.  The rivers and lake component was 

included in the MIKE SHE model with the MIKE 11 simulation file specified and the “flood 

codes” box checked in the rivers and lakes tab, and the MIKE SHE preprocessor was run.  The 

preprocessor developed a .dfs2 file that consisted of the preliminary base topography file with 

the MIKE 11 stream dimensions overlain onto it, producing a more exact representation of the 

stream topography than the preliminary .dfs2 file.  This new .dfs2 file was extracted and was 

used as the topography file going forward, and structures were added to this file as necessary.   

 

A.3.4 Saturated Zone Computational Layers  

The saturated zone was divided into 25 computational layers, with the thinnest layers 

located near the stream so that groundwater flow and transport was most resolved at areas of 

surface water-groundwater exchange.  First, the bottom of the aquifer was set at an elevation 5 m 

less than the lowest elevation in each row, typically at the stream thalweg.  This resulted in an 

aquifer that sloped along with the overall topography and that was thinnest near the stream and 

thicker at the outer edges of the model domain.  The aquifer was then divided evenly into 25 

layers.  This was done in Excel by calculating the difference between aquifer topography and the 

aquifer bottom by 25, and then setting up a new sheet for each layer where the elevation of each 

individual layer was calculated by multiplying the difference between the topography and aquifer 
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bottom by the layer number divided by 25, and then adding this value to the elevation of the 

aquifer bottom.  This resulted in a saturated zone where any given point in plan view (i.e. a given 

grid cell) had a constant thickness of aquifer layers, but the thickness varied at different plan 

view locations within the model domain.  The Excel sheets defining the elevation of each 

saturated zone computational layer were pasted into .dfs2 files, which were then used to define 

the base of each computational layer in the model.  The entire saturated zone was included in the 

water quality component, as saturated zone computational layers are used for the water quality 

component as well.   

 

A.3.5 Saturated Zone Boundary Conditions  

Each computational layer requires a file specifying the bottom elevation of the layer and 

a file specifying the groundwater head boundary conditions.  In addition, the initial groundwater 

head values must be specified, and this was done using .dfs2 files as described in section A.2.1.  

.dfs2 files were also used to define the bottom elevation of each computational layer, as 

described in section A.3.4, and for the saturated zone boundary conditions, as will be discussed 

here.  Time varying .dfs2 files were used for boundary conditions, although the same boundary 

condition values were used for each time step.  Boundary conditions were specified as fixed head 

boundaries.  These were initially developed in Excel using the known head values at 

groundwater wells, for which the head values had been averaged over the course of the field 

experimental period from 5/11/15-6/9/15.  The wells were not on the boundaries themselves so 

that the well locations could be used as calibration points, so cells on the boundaries near the 

wells were instead set to estimated values based on those of the well cells.  Boundary cells that 

crossed the stream were set to values equal to that of the stream head.  The remaining boundary 

cells were linearly interpolated between the cells estimated from groundwater well and stream 

heads.  The boundary head elevations were then copied into a .dfs2 file, and the same boundary 

conditions were used for each computational layer.  The boundary condition files were 

manipulated during model calibration, as will be discussed later. 

 

A.3.6 Overland Flow Files 

The overland flow component requires that Manning’s n be specified.  This can be varied 

over the model domain by entering values into a .dfs2 file, however for this study the value was 
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simply uniformly set at 0.05, which was estimated by examining channel characteristics.  MIKE 

SHE actually uses Manning’s M, or the inverse of Manning’s n, so the value for overland flow 

was set to be uniformly spatially distributed with a value of 20.  Detention storage was set to be 

uniformly equal to zero, and the initial water depth was specified using a .dfs2 file that was 

simply a copy of overland flow depth results from earlier model runs, which allowed steady state 

to be reached more quickly than if the channel was assumed to be dry, as was done for the initial 

model run.  Initial solute mass was set to be zero uniformly over the model domain, although this 

could also be specified using a .dfs2 file; decay in the overland flow component was prevented 

by setting a half-life of 1000 years over the entire domain.  Dispersion coefficients were also set 

to uniform values (0.221 m2/s along columns and 0.0146 m2/s along rows) for the entire model 

domain, although these again could be varied using a .dfs2 file. 

Flow in the overland flow component was controlled by setting time varying overland 

boundaries at the overall model boundaries.  This is done in the “Extra Parameters” tab in the 

MIKE SHE interface.  Five parameters are needed: first, a Boolean type parameter called “time 

varying ol boundary” is added and is checked on as its value.  Two filename type parameters are 

required: these are named “ol boundary code file name” and “ol boundary head file name” and 

their values are simply the path used to find the overland boundary code and value files on your 

computer.  Finally, two integer file types are required and are named “ol boundary code item 

number” and “ol boundary head item number”.  These have values equal to 1.  The overland 

boundary code file is a .dfs2 file used to specify which cells contain overland flow boundaries.  

The overall model boundary is marked with a value of 1, while cells at overland flow boundaries 

(where the stream crosses the model domain boundary) are marked with a 2.  The overland 

boundary value file is another .dfs2 file containing the values of overland flow head at the model 

boundaries, which are used as constant head boundaries to control overland flow.  This study 

used three of these files, one for base case and two for adjusted high and low flow conditions.  

For runs with high or low flow, the value of the “ol boundary head file name” had to be changed 

to represent the corresponding file, while the other extra parameters remained the same.  The 

overland boundary value file was manipulated during model calibration as will be described later 

on.   
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A.3.7 Water Quality Files 

The water quality source was set to be nitrate, with a surface location, overland source 

type, and a part domain extent.  This allowed for a .dfs2 file to be used specifying the nitrate 

injection location, which was simply a file with a 1 in the cell at the geographic location of the 

injection point in the stream.  The strength of the solute loading also had to be specified.  This 

was set to be uniform spatially and either constant in time or time varying depending on whether 

the solute was continually injected (for final water quality model runs) or injected only for part 

of the water quality simulation (for calibration tracer tests).  Uniform values could simply be 

entered on the interface, while time varying values required a .dfs0 file to be developed where 

the mass loading in units of mass per time is specified for each time step.  The mass loading 

value was adjusted for final model runs until a value of 1 mg/L was exhibited at MS1, and this 

was redone for the high and low flow model runs to keep stream concentration consistent at 

different base flow values.   

 

A.3.8 Structure Files 

All structures required the development of geologic lenses within the saturated zone, and 

weir structures also required manipulation of the topography file.  Base case (fully channel-

spanning) weirs were originally set at the locations of weirs at the field site (only in the treatment 

reach), although more weirs were later added so that the full length of the control and treatment 

reaches (between MS1 and MS3) contained 20 roughly evenly spaced weirs.  This condition 

caused the stream to dry up in some places, so although the 20 weir condition was included in 

the sensitivity analysis, every other weir was removed from this condition to create the base case 

10 weir scenario.  Weirs were added to topography by raising the topography of adjacent weir 

cells to a value 17 cm higher than the lowest elevation of these cells, creating a uniform step in 

topography that spanned the entire channel.  For partial weirs, the original elevation values were 

restored in some of these cells so that each weir only covered about half of the channel.  

Geologic lenses were required to make weirs impermeable, and these required several files and 

specifications.  A horizontal extent .dfs2 file was developed for each scenario where weir cells 

were labelled with a 1, and all other cells were left blank.  To specify the top and bottom 

elevations of each weir, the topography .dfs2 file containing the weirs and the .dfs2 file 

specifying the bottom of the first saturated zone computational layer were used.  The entire files 
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could be used since the horizontal extent file constrained the model to only consider lenses at 

those marked model cells.  Values for horizontal and vertical K (10-10m/s), specific yield (0.01), 

storage coefficient (0.0001) and porosity (0.01) were kept constant for all the weir lenses.   

For the buried structures, two lens types were developed to represent low K bookends 

and high K blocks.  These were set at the weir locations, although the buried structures were 

longer in the longitudinal direction.  Horizontal extent was delineated by a separate .dfs2 file for 

each lens, with a 1 marking buried structure cells.  The original topography file without 

structures was used for in the topography setup and for the file representing the top of the low K 

bookends.  For the high K blocks, the file specifying the elevation of the bottom of the second 

computational layer was used so that the high K blocks were buried under about 0.4 m of natural 

sediment.  The file specifying the elevation of the bottom of the fifth computational layer was 

used to mark the bottoms of buried structure lenses, so that low K bookends were about 1 m 

thick and high K blocks were about 0.6 m thick.  Values for K and other parameters were kept 

constant across each lens type, although those of low K bookends and high K blocks differed 

from one another.   
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Appendix B: Description of Model Calibration 

 Initial model calibration was performed using only the water movement simulation.  

Groundwater boundary heads were manually adjusted at a few locations (cells near to 

groundwater well cells or at locations where the stream crossed the model boundary), and the 

remaining boundary cells were allowed to linearly interpolate between these.  The overland flow 

constant head boundaries were also varied until stream flow at the injection location was about 9 

L/s, a value around the average for stream flows during the field experimental period.  

Groundwater boundaries were manipulated until all well cells exhibited modeled values within 1 

cm of their field measured values.  At this point, calibration to field tracer tests began.  A 

conservative solute was added at the injection site for a period of time matching that of the initial 

field tracer test, which was performed without weirs.  BTCs from the field were compared to 

those extracted from the model at MS1, MS2, and MS3.  Initially, a much higher amount of 

gaining was exhibited in our model as modeled results showed much more dilution at MS3 than 

did field experiments.  This was compensated for by adjusting the groundwater boundary 

conditions so that less gaining was exhibited in the lower portion of the stream reach.  The final 

model calibration still exhibited more gaining than the measured BTCs, however we decided not 

continue lowering the groundwater boundaries since making the stream even more strongly 

losing would make it less representative of other stream systems, and since this would introduce 

nitrate loss through less realistic processes instead of through hyporheic exchange.  The final 

measured and modeled BTCs are shown below. 

 In addition to amount of gaining assessed by decreases in plateau concentration at MS3, 

the plateau values, time to breakthrough, and transient storage curvature were examined for 

modeled BTCs.  The modeled BTCs exhibited less transient storage curvature than the measured 

BTCs, however this was considered to be acceptable since the reach scale of the model was 

likely not capturing small scale transient storage processes such as exchange through ripples or 

small areas of surface transient storage.  Plateau values for the modeled and measured MS2 

curves were similar.  The measured MS1 BTC exhibited a plateau value lower than that of MS2, 

so we did not ensure that the measured and modeled plateau values at MS1 were similar.  The 

plateau value for the modeled BTC at MS3 was lower than that of the measured BTC, indicating 

more gaining in the model than in the field, and this was adjusted as described above.  We also 

tried to ensure that time to breakthrough was similar for modeled and measured BTCs.  Although 
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times to breakthrough were shorter for modeled than for measured BTCs, the overall pattern was 

similar between the two sets of values (Table B1).   

Table B1 – Time to Breakthrough for Measured and Modeled BTCs 

Time to 

Breakthrough 

MS1 MS2 MS3 

Modeled 1.5 mins 4.5 mins 11.5 mins 

Measured 3.8 mins 13.5 mins 21.5 mins 

 

 

Figure B1: Measured and Modeled BTC for NaCl at MS1 

 

 

Figure B2: Measured and Modeled BTC for NaCl at MS2 
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Figure B3: Measured and Modeled BTC for NaCl at MS3 
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Appendix C: Plan View Results Graphs 

Results files in .dfs2 format are generated for a number of different parameters for each 

MIKE SHE run, including surface water depth and flow, groundwater head and flow, surface 

water and groundwater solute concentrations, and exchange fluxes between surface water and 

groundwater.  A few such plots are included here to help visualize .dfs2 files and model results. 

   

Figure C1: Surface Water Depth, Losing Groundwater Conditions.  The background purple color 

indicates that there is no surface water at those locations. 
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Figure C2: Surface Water Depth, Neutral Groundwater Conditions.  The background purple 

color indicates that there is no surface water at those locations.   
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Figure C3: Surface Water Depth, Gaining Groundwater Conditions.  The background purple 

color indicates that there is no surface water at those locations.   
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Figure C4: Groundwater Flow in the X Direction for the top model layer under losing 

groundwater conditions 
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Figure C5: Groundwater Flow in the Y Direction for the top model layer under losing 

groundwater conditions.  Flow is primarily downslope, with the stream influencing flow patterns 
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Figure C6: Groundwater Flow in the Z Direction for the top model layer under losing 

groundwater conditions 

 


