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Abstract 15 

Hyporheic exchange is a critical mechanism shaping hydrological and biogeochemical processes 16 

along a river corridor. Recent studies on quantifying the hyporheic exchange were mostly limited 17 

to local scales due to field inaccessibility, computational demand, and complexity of 18 

geomorphology and subsurface geology. Surface flow conditions and subsurface physical 19 

properties are well known factors on modulating the hyporheic exchange, but quantitative 20 

understanding of their impacts on the strength and direction of hyporheic exchanges at reach scales 21 

is absent. In this study, a high resolution computational fluid dynamics (CFD) model that couples 22 

surface and subsurface flow and transport is employed to simulate hyporheic exchanges in a 7-km 23 

long reach along the main-stem of the Columbia River. Assuming that the hyporheic exchange 24 

does not affect surface water flow conditions due to its negligible magnitude compared to the 25 

volume and velocity of river water, we developed a one-way coupled surface and subsurface water 26 

flow model using the commercial CFD software STAR-CCM+. The model integrates the 27 

Reynolds-averaged Navier-Stokes (RANS) equation solver with a realizable ݇ െ ߝ  two-layer 28 

turbulence model, a two-layer all ݕା wall treatment, and the volume of fluid (VOF) method, and 29 

is used to simulate hyporheic exchanges by tracking the free water-air interface as well as flow in 30 

the river and the subsurface porous media. The model is validated against measurements from 31 

acoustic Doppler current profiler (ADCP) in the stream water and hyporheic fluxes derived from 32 

a set of temperature profilers installed across the riverbed. The validated model is then employed 33 

to systematically investigate how hyporheic exchanges are influenced by surface water fluid 34 

dynamics strongly regulated by upstream dam operations, as well as subsurface structures (e.g. 35 

thickness of riverbed and subsurface formation layers) and hydrogeological properties (e.g. 36 

permeability). The results suggest that the thickness of riverbed alluvium layer is the dominant 37 



factor for reach-scale hyporheic exchanges, followed by the alluvium permeability, the depth of 38 

the underlying impermeable layer, and the assumption of hydrostatic pressure. 39 

  40 



1. Introduction 41 

In a hyporheic zone, water is exchanged laterally or beneath the stream channel with saturated 42 

sediments (Findlay, 1995). Hyporheic exchange can potentially change stream water chemistry 43 

through biogeochemical reactions and transport such as carbon and nitrogen cycling, and 44 

biodegradation of organic contaminates (Findlay et al., 1993; Findlay, 1995; Valett et al., 1996; 45 

Sobczak and Findlay, 2002; Anderson et al., 2005; Zarnetske et al., 2011a; Zarnetske et al., 2011b). 46 

Essentially governed by permeability of sediments and local hydraulic gradients, the hyporheic 47 

flow dynamics are influenced by many factors, such as channel geometry, aquifer thickness, and 48 

hydrology in both space and time (Brunke and Gonser, 1997; Winter, 1999).  The hydraulic 49 

gradient across the river bed is time-varying, and highly depends on river stage variations. For a 50 

dam-regulated river, upstream dam operations could dramatically impact river stage variations on 51 

a wide temporal spectrum from hourly to monthly (Poff et al., 1997), and at a spatial scale 52 

extending to a few hundred kilometers downstream of the dam (Arntzen et al., 2006). Although 53 

more than 30,000 large dams were built globally in the past 50 years, resulting in surface water 54 

systems considerably affected by the dams (Vörösmarty and Sahagian, 2000; Hanasaki et al., 2006; 55 

Zhou et al., 2016), reach-scale hyporheic exchange dynamics over space and time for highly 56 

regulated large rivers have not been adequately studied. 57 

 58 

The Columbia River is the largest river in the Pacific Northwest region of North America. Its 59 

drainage basin is about 668,000 km2 and extends into seven U.S. states and a Canadian province. 60 

Figure 1(a) shows the section of Columbia River in the Washington State. The Hanford Site is a 61 

mostly decommissioned nuclear production complex in USA built along the Columbia River in 62 

Washington State. After the Cold War, the decades of manufacturing of nuclear weapons left 63 



behind 200,000 m3 of high-level radioactive waste stored within 177 storage tanks, which are 64 

almost all located in Hanford 300A area as yellow box marked in Figure 1. Understanding the 65 

dynamics of hyporheic exchange in this area is thus critical to the health of downstream ecosystems 66 

and human settlements.  67 

 68 

Quantifying hyporheic fluxes in a regulated large river reach is challenging given the size of the 69 

domain. The existing field measurement methods mainly include direct measurements, indirect 70 

measurements based on the Darcy’s Law, mass balance, and heat transport equations (Kalbus et 71 

al., 2006). These measurement methods often provide data at a point or over a very small area, 72 

therefore require a large number of measurement points to be representative of the reach, which is 73 

labor intensive and physically challenging. Numerical simulations thus become effective 74 

alternatives.  75 

 76 

Lane et al. (Lane et al., 1999) demonstrated the advantages of modeling the impact of fluvial 77 

geomorphology using a computational fluid dynamics (CFD) approach over the shallow water 78 

equations by applying the Reynold-averaged Navier-Stokes (RANS) equation to study two-79 

dimensional and three-dimensional flow in a natural river channel (Keylock et al., 2012). 80 

Applications of CFD modeling on flow and transport in natural river channels have emerged 81 

dramatically in the last decade as a result of improvement in computing power (Keylock et al., 82 

2012), but most of the successful studies focused on small to medium scale natural river channels 83 

or experimental river channels in laboratory settings, with dimensions of the channels a few meters 84 

in width, and up to a few hundred meters in length (Yazdi et al., 2010; Constantinescu et al., 2011; 85 



Zhou and Endreny, 2013). For large-scale river reaches, given limitations in computational 86 

resources, most studies prefer the use of shallow water equations by assuming that the vertical 87 

length scale is much smaller than the horizontal length scale, and that the pressure field is 88 

hydrostatic (Banda and Seaid, 2012). The full three-dimensional CFD applications to large scale 89 

river channels that are a few hundred meters in width and a few kilometers in length are absent.  90 

 91 

For large rivers, the surface water elevation plays an important role in driving the hyporheic 92 

exchange. Hence, it is critical to tracking the water-air interface in CFD models. Several multi-93 

phase CFD models have been developed for this purpose, such as the multi-phase lattice 94 

Boltzmann method (LBM) (Donath et al., 2010; Bao and Schaefer, 2013), the volume of fluid 95 

(VOF) method (Yazdi et al., 2010), and the smooth particle hydrodynamics (SPH) method 96 

(Kazemi et al., 2016). LBM and SPH intrinsically are powerful in multi-phase fluid dynamics, but 97 

are not computational efficient for bathymetries with large aspect ratios commonly found in large 98 

river reaches. Among these methods, VOF is more popular for simulating free surfaces in river 99 

channels, because it can be used in conventional finite volume and finite difference CFD solvers 100 

and compatible with unstructured and adaptive meshes, therefore is computationally more efficient 101 

for domains of large-aspect ratios.  102 

 103 

In simulations of flow underneath the riverbed of large river reaches, it is common to use 104 

hydrostatic pressure on the river bed as boundary conditions, by neglecting the pressure induced 105 

by the river water fluid dynamics (Chen et al., 2012; Chen et al., 2013). However, lab-scale 106 

experiments and corresponding CFD simulations indicated that the fluid dynamics could lead to 107 



enhanced hyporheic fluxes (Zhou and Endreny, 2013), suggesting that dynamical effects should 108 

not be neglected. Studies that assessing the impact of fluid dynamics on hyporheic flux simulations 109 

and for suggesting scales at which the pressure induced by river water fluid dynamics can be 110 

ignored are very limited. 111 

 112 

In addition, magnitudes and directions of hyporheic fluxes across the riverbed are governed and 113 

modulated by a variety of factors, such as flow conditions, subsurface structure and properties. 114 

The flow conditions are strongly regulated by upstream and downstream hydroclimatic conditions 115 

that provide lateral boundary conditions to the problem. The subsurface structure and properties 116 

assigned to the domain are highly heterogeneous in nature and subject to a large degree of 117 

uncertainties (Hartman and Dresel, 1998).  118 

 119 

To address these issues in a computationally efficient way, a one-way coupled surface water and 120 

subsurface three-dimensional CFD simulation model was built using the commercial CFD 121 

software STAR-CCM+ for studying surface water dynamics and hyporheic exchanges over a 7-122 

km section along the main-stem of the Columbia River. Using this model, we aim to establish a 123 

tool capable of quantifying spatial and temporal dynamics of hyporheic exchanges over a large 124 

scale river reach in a mechanistic way, by validating it against in-stream flow velocity and point 125 

flux measurements, and exploring the modulating factors and the rank of their significance using 126 

the validated model. In section 2, the study domain and its characteristics are introduced. Section 127 

3 describes CFD model configuration and coupling strategy between the surface and subsurface 128 

domains, and methods for analyzing the sensitivity of subsurface properties and dynamical versus 129 



hydrostatic pressures on hyporheic fluxes. The results, including model validations and sensitivity 130 

analyses are discussed in Section 4. 131 

 132 

2. Description of the study domain and dataset 133 

The 7-km modeling domain is shown as the red box in Figure 1(a). The inserted small figures in 134 

Figure 1(a) show the location of this 7-km reach in the context of the Washington State and the 135 

Hanford site. Elevations at the riverbed were collected from Light Detection And Ranging (LiDAR) 136 

surveys at 1-m resolution (Coleman et al., 2010) and used to inform the bathymetry in the CFD 137 

model setup. The ADCP measurements were carried out at four transects over the study reach on 138 

19 Febuary 2016 (green lines in Figure 1(a)). The measurements were used to validate the CFD 139 

model for surface water velocities. These transects were selected to cover the entire channel width 140 

(transect C), main channel with deep bathymetry and relatively high flow velocity (transects A and 141 

D), and secondary channel with shallow bathymetry and lower flow velocity (transect B). A vessel 142 

mounted 1200 kHz RDI Workhorse Sentinel ADCP was used to measure the flow velocity profiles 143 

with a 0.5-m vertical interval and 0.2-Hz output frequency. Measurements at each transect were 144 

repeated twice and the total discharge between the pair measurements were compared and 145 

confirmed to be consistent within the 10% error range. The five red triangles in Figure 1(a) mark 146 

the iButton® locations. The iButton sensor is a cylindrical, wireless device with a 17 mm diameter 147 

and 6 mm in thickness. Its data storage capacity is 4096 values with a 0.0625 °C measuring 148 

resolution and 0.5 °C in accuracy. At each location, two sensors were secured in separate open 149 

drill holes 10 cm above and below river bed in a solid plastic rod with one inch in  diameter, and 150 

1.53 m in length half planted in the river bed. All sensors were programmed to record every 10 151 

minutes from 2 March 2016 to 30 March 30 2016. We estimated vertical hyporheic fluxes at these 152 



iButton monitoring sites using the method that combines a Maximum Likelihood estimator (LPML) 153 

developed by Vandersteen et al. (Vandersteen et al., 2015), a 1-D heat transfer model described in 154 

Turcotte and Schubert (Turcotte and Schubert, 1982), and a regression relationship between flow 155 

conditions and hyporheic fluxes (Zhou et al., 2017a; Zhou et al., 2017b). The indirectly measured 156 

hyporheic fluxes from iButtons were used to validate the simulated ones. The white dot is an inland 157 

well, which records the subsurface water level used for initial and boundary conditions in the CFD 158 

simulations.   159 

 160 

The Columbia River flows from north to south through the study reach over an unconfined aquifer 161 

on top of the impermeable Columbia River Basalt Group. The aquifer has a thickness ranging from 162 

20 to 60 m, and contains two major hydrogeological units: the highly permeable Pleistocene flood 163 

gravel layer of the Hanford Formation on the top, and a more consolidated and less permeable 164 

Miocene to Pliocene fluvial deposition layer of the Ringold Formation at the bottom (Hartman and 165 

Dresel, 1998). At the very top of the river bed, there exists a thin alluvium with varying thicknesses 166 

ranging from 1 to 3 m. In this study, the subsurface structure was simplified into four layers as 167 

shown in Figure 1(b). The alluvium layer is assumed to be ~2 m, and its horizontal permeability 168 

݇ு
஺  is estimated from underwater video-camera footage and accompanying grain-size analyses 169 

(Fritz and Arntzen, 2007). The distribution of ݇ு
஺  is shown in Figure 1(c). The ratio between 170 

vertical (݇௏
஺) and horizontal (݇ு

஺) permeability of the alluvium layer is 0.1, and porosity is 0.17. 171 

The Hanford layer is assumed to lay underneath the alluvium layer, and extends to 98 m above the 172 

sea level, while the river bed is ~100 m above the sea level based on the North American Vertical 173 

Datum of 1988 (NAD88). The horizontal permeability of the Hanford layer (݇ு
ு ) is 1.23 ൈ174 

10ି଼	݉ଶ. The ratio between vertical (݇௏
ு) and horizontal (݇ு

ு) permeability of the Hanford layer 175 



is 0.1, and porosity is 0.373. The Ringold gravel layer is underneath the Hanford layer, and extends 176 

to 78 m above the sea level, where the horizontal (݇ு
ோீ) permeability of the Ringold gravel layer 177 

is 1.93 ൈ 10ିଽ	݉ଶ. The ratio between vertical (݇௏
ோீ) and horizontal (݇ு

ோீ) permeability of the 178 

Ringold gravel layer is 0.35, and porosity is 0.294. The Ringold lower mud layer is underneath the 179 

Ringold gravel layer, where its horizontal permeability (݇ு
ோெ) is 2.527 ൈ 10ିଵହ	݉ଶ. The ratio 180 

between the vertical (݇௏
ோெ) and horizontal (݇ு

ோெ) permeability of the Ringold lower mud layer is 181 

0.27, and porosity is 0.351. This subsurface structure and properties defined based on the available 182 

characterization data of the Hanford site (Newcomb and Brown, 1961; Newcomb et al., 1972; 183 

Thorne et al., 2006; Williams et al., 2008; USDOE, 2010; Zachara et al., 2012), are used to set up 184 

the control case in this study and listed in Table I. The methodology for sensitivity analysis of the 185 

subsurface properties is introduced in Section 3.2, and the results are discussed in Section 4. 186 

 187 

3. Methodology 188 

3.1 CFD model and coupling procedure 189 

STAR-CCM+ CFD software (CD-adapco, 2015) was used for three-dimensional surface and 190 

subsurface flow simulations. The numerical model involves solving the mass and momentum 191 

conservation equations for fluid dynamics. The mass conservation equation is  192 

డఘ

డ௧
൅ ׏ ∙ ሺݒߩԦሻ=0, (1)

where ߩ is the fluid density, ݒԦ is the velocity vector, and ݐ is time. With Boussinesq hypothesis 193 

(Schmitt, 2007), the RANS (O.Reynolds, 1895) momentum equation is in the form of 194 

డሺఘ௩ሬԦሻ

డ௧
൅ ׏ ∙ ሺݒߩԦݒԦሻ ൌ െ݌׏ െ ׏ ∙ ሾߤሺݒ׏Ԧ ൅ Ԧ்ሻሿݒ׏ ൅ ߩ Ԧ݃, (2)



where ݌ is pressure, Ԧ݃	is gravity acceleration, and ߤ is effective viscosity, which can be calculated 195 

as 196 

ߤ ൌ ௠ߤ ൅ ௧. (3)ߤ

 ௧ is turbulent viscosity. In this study, for acquiring the 197ߤ ௠ is molecular dynamic viscosity, andߤ

flexibility on the mesh, the realizable ݇ െ  ା wall 198ݕ two-layer turbulence model and two-layer all ߝ

treatment are used (Versteeg and Malaasekera, 1995; Liu et al., 2012; CD-adapco, 2015). 199 

Therefore ߤ௧ is calculated by a blending function as follows: 200 

௧ߤ ൌ ௧|௞ିఌߤߣ ൅ ሺ1 െ ௧|௧௪௢ି௟௔௬௘௥. (4)ߤሻߣ

௧|௞ିఌߤ  is turbulent viscosity derived from the realizable ݇ െ ߝ  model (Shih et al., 1995), and 201 

 ௧|௧௪௢ି௟௔௬௘௥ is turbulent viscosity derived from a two-layer formulation through the Wolfstein 202ߤ

model (Wolfstein, 1969). ߣ is a blending factor, which is a function of wall distance Reynolds 203 

number (Jongen, 1998). The VOF model is applied for simulating and tracking the water-air 204 

interface: 205 

డఈೢ
డ௧

൅ ׏ ∙ ሺݒԦߙ௪ሻ ൌ 0,  (5)

where ߙ௪ is the water volume fraction. The fluid density ߩ and molecular dynamic viscosity ߤ௠ 206 

become 207 

ߩ ൌ ௪ߩ௪ߙ ൅ ሺ1 െ ௔ , (6)ߩ௪ሻߙ

௠ߤ ൌ ௠௪ߤ௪ߙ ൅ ሺ1 െ ௠௔ , (7)ߤ௪ሻߙ

where ߩ௪ is water density, ߩ௔ is air density, ߤ௠௪ is water molecular dynamic viscosity, and ߤ௠௔ 208 

is air molecular dynamic viscosity. 209 

 210 



In the subsurface domain, because the magnitude of velocities is very small, by adding a large 211 

viscous resistance term for subsurface porous media, the momentum equation (2) is simplified to 212 

(Huang and Ayoub, 2006) 213 

݌׏ ൌ െ ധܴ௩ݒԦ  (8)

ധܴ௩ is the viscous porous resistance tensors. For the subsurface domain, it can be assumed as 214 

ധܴ௩ ൌ

ۏ
ێ
ێ
ێ
ۍ
ఓ೘
௞ಹ

0 0

0 ఓ೘
௞ಹ

0

0 0 ఓ೘
௞ೇ ے
ۑ
ۑ
ۑ
ې

  

(9)

݇ு and  ݇௏ are the horizontal and vertical permeability respectively.  215 

 216 

The simulation domain is divided into two sub-domains: the surface flow region and the subsurface 217 

flow region, which share the river bed surface as the interface. For a given set of boundary 218 

conditions, including the upstream river stage, averaged upstream river water velocities, the 219 

downstream river stage, the model spins up surface water dynamics to an equilibrium state by 220 

assuming the riverbed as a non-penetrable wall. The pressure field at the river bed surface (Figure 221 

1(d)) and VOF field are then extracted from the surface flow region and applied to the subsurface 222 

flow domain as the upper boundary condition. By applying the pressure and VOF boundary 223 

conditions on the river bed, the velocity, pressure, and VOF in the subsurface flow region can be 224 

solved by Eqs. (1), (5) and (8). Meanwhile, flow velocities across the river bed can be solved as 225 

well in the subsurface region, and an instantaneous map of simulated hyporheic fluxes on the river 226 

bed is shown in subsurface flow region in Figure 1(d). This coupling strategy is therefore a one-227 

way coupling approach because fluxes on the river bed are not fed back into the surface flow region 228 



to inform its simulation. There are two main reasons to using the one-way coupling. Firstly, the 229 

magnitude of the hyporheic flux (~1 ൈ 10ି଺	݉/ݏ) is negligible, compared to the velocity of 230 

surface water (~1	݉/ݏ) in the river channel. Secondly, the turbulent flow velocity profile near the 231 

river bed in the surface flow region  is derived from the turbulence wall function (Versteeg and 232 

Malaasekera, 1995; Liu et al., 2012; CD-adapco, 2015) instead of using the simple Dirichlet 233 

boundary condition at the river bed. However, the available wall functions cannot handle the 234 

situation when the flux penetrates the boundary wall.  235 

 236 

The CFD meshes were generated in STAR-CCM+. As shown in Figure 2, the orange region is the 237 

surface water domain for simulating river surface water, air, and the water-air interface. It contains 238 

6.5 million cells. The grey region is the subsurface domain, which contains 8.6 million cells. It is 239 

worth mentioning that the vertical direction (z) is scaled up 10 times in order to show the mesh 240 

clearly in Figure 2. The horizontal resolutions of the meshes vary from 1 m to 25 m. In the surface 241 

water domain, 35 meshes of prism layers were used to discretize the sub-domain above the river 242 

bed, as illustrated in Figure 2(b), with distances of ~ 0.25 m to 0.45 m in the vertical direction. The 243 

rest of the surface water domain above the prism layers was discretized into five layers of thin 244 

meshes as shown in Figure 2(b), with a vertical resolution of ~1.5 m. In the subsurface domain, 245 

the meshes were extruded from the river bed to 50 m from the river bed by applying a hyperbolic 246 

tangent profile in the vertical direction with distances from 0.03 m to 3 m, as shown in Figure 2(b). 247 

 248 

3.2 Sensitivity analyses  249 



The hyporheic flux on the river bed is governed and affected by a variety of factors. We classify 250 

these factors into three categories: (1) surface flow and subsurface hydrologic conditions, (2) 251 

subsurface structure and properties, and (3) the hydrostatic pressure assumption in surface water.  252 

 253 

3.2.1 Hydrologic conditions 254 

The hydrologic conditions are strongly regulated by upstream and local hydroclimate including 255 

hydropeaking events created by dam operations (Hancock, 2002). The surface flow discharge and 256 

inland water level are the two key factors in characterizing the hydrologic condition, both of which 257 

are characterized by strong temporal variability. We evaluate the impact of these factors by 258 

randomly picking 50 flow conditions from the historical records in the period of 2008 to 2014, as 259 

shown in Table II. To make the discharge conditions appropriate for being used as boundary 260 

conditions to the CFD model, the river discharge were converted to upstream and downstream 261 

river stages, and averaged upstream velocities by using a one-dimensional hydrodynamic model, 262 

the Modular Aquatic Simulation System (MASS1) (Richmond and Perkins, 2009; Niehus et al., 263 

2014). MASS1 simulates steady and unsteady flow in rivers and canals by solving the one-264 

dimensional, cross-section averaged equations of mass and momentum conservations (i.e., the St. 265 

Venant equations). MASS1 simulation results have been applied to various problems in the 266 

Columbia River basin with relatively high accuracy in predicting flow stage profiles along the 267 

Hanford Reach, with a mean absolute error (MAE) less than 0.15 m and a bias less than 0.06 m 268 

against field measurements (Tiffan et al., 2002; McMichael et al., 2003). The inland well water 269 

table was converted to subsurface water stages at north and south boundaries of the CFD domain. 270 

Figure 3 shows the comparison between the cumulative distribution functions (CDF) of the six 271 

hourly variables simulated by MASS1 and the 50 randomly selected flow conditions used as 272 



boundary conditions to the CFD simulations. It is evident from the figure that the selected flow 273 

conditions are representative of the historical records. 274 

 275 

3.2.2 Subsurface structure and properties 276 

The structure and properties of the four layers in the subsurface domain is subject to a significant 277 

amount of uncertainties in terms of their depths and properties. Given that the CFD simulations 278 

are computationally expensive, especially given the number of scenarios to be considered, we 279 

selected a few combinations of the alluvium and subsurface properties to understand the sensitivity 280 

of simulated hyporheic fluxes to these factors. Specifically, we picked the alluvium layer thickness, 281 

alluvium layer permeability, and the depth to Ringold lower mud layer as the three key factors 282 

based on the uncertainty and spatial variability of these structural and physical attributes, and their 283 

critical control on hyporheic exchange as reported in literature (Fritz and Arntzen, 2007; Fritz et 284 

al., 2007). Field survey shows that the recent riverbed alluvium is about a couple of meters thick, 285 

therefore in the baseline control case, alluvium layer thickness is assumed to be 2 m, and in the 286 

numerical experiments, the alluvium thickness is allowed to vary between 1-3 meters. As 287 

mentioned in Section 2, the baseline control case alluvium layer permeability ݇ு஺ was estimated 288 

from underwater video-camera footage and accompanying grain-size analyses (Fritz and Arntzen, 289 

2007). Assuming a medium level of heterogeneity, the low and high permeability scenarios are 290 

assumed to have an effective permeability adjustment between ݇ு
஺ ൈ 1.648  and  ݇ு

஺/1.648, which 291 

are equivalent to ݈݊ሺ݇ு
஺ሻ ൅ 0.5 and ݈݊ሺ݇ு

஺ሻ െ 0.5 respectively. The baseline depth of the Ringold 292 

lower mud layer boundary is 78 m. In the numerical experiment design, the depth is allowed to 293 

vary from 70-90 meters based on the stratigraphic unit information from nearby boreholes (Thorne 294 

et al., 2006; Williams et al., 2008; USDOE, 2010).  295 



 296 

3.2.3 Hydrostatic pressure assumption 297 

Traditionally, for subsurface flow simulations, the pressure on the river bed ( ோܲ஻) is assumed to 298 

be equal to the hydrostatic pressure ( ுܲ). While the actual pressure on the river bed ( ோܲ஻) is 299 

deviated from the hydrostatic pressure ( ுܲ) because of the surface water fluid dynamics. In this 300 

study, effects of the deviation ( ுܲ- ோܲ஻) on the net hyporheic exchange are investigated. To obtain 301 

ோܲ஻ from the CFD model, we spun up the surface water flow to an equilibrium steady state for 302 

each selected flow condition, then the pressure on the river bed ( ோܲ஻) is solved based on Eqs. (1) 303 

and (2). The simulated VOF field (i.e., the surface water stage) was then kept frozen at the 304 

equilibrium state, while setting the velocities to zero as well as changing the upstream and 305 

downstream boundaries to impermeable walls. The surface water domain is spun up again with 306 

the frozen VOF field and zero velocity to a converged state. This second spin-up provides us a 307 

new pressure distribution on the river bed, which can be considered as the hydrostatic pressure 308 

( ுܲ) that has exactly the same surface water stage distribution as the case with a dynamic flow 309 

field. The differences in pressure fields on the riverbed and simulated hyporheic fluxes for these 310 

two cases were compared, and the results will be discussed in Section 4.2. The impacts from the 311 

assumption of hydrostatic pressure were quantitatively compared with subsurface properties’ 312 

uncertainty, and the results will be discussed in Section 4.2 as well. 313 

 314 

3.2.4 Methodology for sensitivity measurements 315 

For addressing all the uncertainties mentioned above, we constructed one control case and seven 316 

experiments (experiments A to G) as listed in Table III. In each experiment, the hyporheic fluxes 317 



are simulated across the river bed and the estimated net hyporheic exchange rate integrated over 318 

the entire domain is calculated. Response functions between the net fluxes and  the river discharge 319 

and inland water level  can be constructed empirically using a 1st order polynomial function by 320 

minimizing the least squares of errors (Björck, 1996; Rao et al., 1999) for each experiment. These 321 

functions are then be used to estimate time series of the hyporheic exchange for the period of 2008 322 

to 2014 where no gaps exist in the historical records.  323 

 324 

With the results for all the numerical experiments including the control case, analysis of variance 325 

(ANOVA) based on a generalized linear model (GLM) regression was employed to quantitatively 326 

measure the importance of the three perturbed parameters and the assumption of hydrostatic 327 

pressure (Anscombe, 1948; Box, 1954; McCullagh and Nelder, 1989; Chambers and Hastie, 1992; 328 

Pan et al., 2013; Bao et al., 2015).  Assuming the response variable ܻ  follows a normal 329 

distribution, a GLM is fitted with the following model: 330 

௜ܻ ൌ ܿ଴ ൅ ∑ ௝ܿݔ௜,௝ ൅ ௜ߝ
	
௝ୀଵ	௧௢	௃ , (10)

where ݔ௜,௝ represents the ݅th realization of the ݆th parameter, which are in the original forms of the 331 

selected factors, or their linear or nonlinear transformed formats to represent first or higher order 332 

terms, or two-way interactions via multiplication; ௝ܿ is the fitted coefficient for the ݆th parameter 333 

that can be estimated by minimizing the mean square of errors; and ߝ is model-fitting residuals. In 334 

this study, two response variables ܻ are investigated. One is the mean net hyporheic flux on the 7-335 

km river bed in the period of 2008 to 2014, and another one is the distance ܦ௘,௖  from the 336 

Kolmogorov-Smirnov test (K-S test) (Kolmogorov, 1933; Smirnov, 1948) of the net hyporheic 337 

flux on the 7-km river bed in the period of 2008 to 2014. ܦ௘,௖ represents the distance between two 338 

CDFs, and is calculated as: 339 



௘,௖ܦ ൌ ௘ܨ|݌ݑݏ െ ௖|, (11)ܨ

where ܨ௘ is the CDF of the simulated net hyporheic flux time series in the period of 2008 to 2014 340 

from numerical experiments with perturbed parameters, ܨ௖  is the CDF of the predicted net 341 

hyporheic flux time series in period of 2008 to 2014 from the control case, and ݌ݑݏ represent 342 

supremum function. Parameter values used in all numerical experiments are listed in Table III. 343 

The simulated net hyporheic flux time series are derived from the response model trained by the 344 

CFD simulation results for the 50 randomly selected flow conditions (Table II). The details about 345 

this response model is introduced in Section 4.2. 346 

 347 

Generally, use of a GLM is recommended for a monotonic system (Tong, 2009), and it can offer 348 

an explicit equation to present the relationship between input and output parameters, which is 349 

favorable for engineering applications (Pan et al., 2013). ANOVA is a collection of statistical 350 

models used to analyze the regression models. The relative importance of each parameter is 351 

quantified by comparing the original regression model with the ones by removing the parameter 352 

from the explanatory variables. The reduction in the total explained variance indicates the 353 

importance of the corresponding parameter. 354 

 355 

4. Results 356 

Before the implementation of the numerical experiments and sensitivity analysis, the proposed 357 

CFD model was validated with on-site measurements and survey. As introduced in Section 2, for 358 

validating the CFD simulation results in the surface water domain, an ADCP survey was done on 359 

19th February 2016. The CFD simulation results match ADCP very well. More details about the 360 

comparison between CFD simulation and ADCP survey are discussed in supplementary material. 361 



For validating the CFD simulation results in the subsurface domain, five iButtons were installed 362 

on the river bed, whose locations are marked as red triangles in Figure 1(a). The CFD simulations 363 

can capture the hyporheic flux variations at the five iButtons for different flow conditions very 364 

well. The method for measuring hyporheic flux by iButtons and results comparison are discussed 365 

in separate papers (Zhou et al., 2017a; Zhou et al., 2017b) and summarized in the supplementary 366 

material.  367 

 368 

4.1 Sensitivity analysis of hyporheic exchanges 369 

The validated CFD model then was used to study the hyporheic flux on the river bed for 370 

combinations of different flow conditions, subsurface properties, and hydrostatic pressure 371 

assumption as discussed in Section 3.2 and listed in Table III. Hyporheic fluxes on the river bed 372 

for the control case with No. 5, 3, 23, and 21 flow conditions are shown in Figure 4(a) to (d). The 373 

No. 5 flow condition has the lowest river water discharge in the selected 50 flow conditions, No. 374 

3 has the highest river water discharge in the selected 50 flow conditions, No. 23 has the highest 375 

net hyporheic flux into river, and No. 21 has the highest net hyporheic flux into subsurface. It is 376 

noticeable that the magnitudes of hyporheic fluxes are relatively larger near the shore, and 377 

relatively smaller in the middle of the river. This is mainly caused by the large aspect ratio of the 378 

domain geometry. The river is around 800 m wide, the permeable subsurface layers (alluvium, 379 

Hanford, and Ringold gravel) are totally around 30 m. Therefore, surface water near the shore can 380 

relatively easier flow in or out the large subsurface domain at the two sides of the river. However, 381 

water in the middle of the river has to travel through the 30 m deep, a few hundred meters wide 382 

subsurface channel before reaching the bank. Hyporheic fluxes on the river bed for the control 383 

case for all the 50 flow conditions are shown in Figure S4 in supplementary materials. Figure 4(e) 384 



and (h) shows stream lines in the subsurface on the cross section A-A (marked in Figure 4(a)) for 385 

flow conditions No. 5, 3, 23, and 21 as well. The red portion of streamlines represents water flows 386 

upward into the surface water, and blue portion stands for the streamlines flow downward into the 387 

subsurface. The green line is the water level in the subsurface domain. There is almost no water 388 

exchange between the permeable layers (Hanford and Ringold gravel layers) and non-permeable 389 

layer (Ringold lower mud layer) as expected. For No. 5 and 23 flow conditions (Figure 4(e) and 390 

(g)), water flows from the subsurface into river, because of the low river water discharge and high 391 

inland water level. For No. 3 and 21 flow conditions (Figure 4(f) and (h)), water tends to flow 392 

strongly from river into the subsurface, because of the high river water discharge and low inland 393 

water level. It worth mentioning that the streamlines are three-dimensional, so the streamlines look 394 

not very continuous or smooth when it is shown on a two-dimensional cross section. The vertical 395 

direction in Figure 4(e) to (h) is scaled up eight times to show the streamlines clearly.  396 

 397 

Figure 5 shows the hyporheic flux differences (∆݂ ) between the experiments with perturbed 398 

parameters and the control case. ∆݂  is calculated as: 399 

∆݂ ൌ ௘݂ െ ௖݂, (12)

where ௘݂ is the flux from the numerical experiments and ௖݂ is the flux form the control case for the 400 

flow condition No. 3. The flow condition No. 3 leads to strong fluxes flowing into the subsurface. 401 

Therefore, in Figure 5, warmer colors means that the perturbed parameters decrease the hyporheic 402 

flux, and cold colors stand for enhanced hyporheic fluxes. For experiments A and B (Figure 5(a) 403 

and (b)), which adjust the thickness of alluvium layer, a thinner alluvium layer (1 m) leads to an 404 

increase in the hyporheic exchange (Figure 5(a)), and a thicker alluvium layer (3 m) results in a 405 



decrease in the flux (Figure 5(b). In experiments C and D (Figure 5(c) and (d)), the upper boundary 406 

of Ringold lower mud layer was adjusted. For the experiment C (Figure 5(c)), the upper boundary 407 

is at 70 m, and it leads to a higher flux because the relative thicker permeable layer between the 408 

river bed and the Ringold lower mud layer. While a narrower permeable layer leads to a smaller 409 

flux when the upper boundary is at 90 m in experiment D (Figure 5(d)). Experiments E and F 410 

adjust the permeability in the alluvium layer. For the permeability adjusted to  ݇ு
஺ ൈ 1.648, which 411 

is equivalent to ݈݊ሺ݇௛
஺ሻ ൅ 0.5, the flux is larger than that from the control case (Figure 5(e)). For 412 

the permeability adjusted to ݇ு
஺/1.648, which is equivalent to ݈݊ሺ݇௛

஺ሻ െ 0.5, the flux is smaller 413 

than that from the control case (Figure 5(f)). Experiment G (Figure 5(g)) uses the hydrostatic 414 

pressure as the boundary condition for the subsurface domain. There is no clear trend of decreasing 415 

or enhancing the hyporheic flux.  416 

 417 

Figure 6 shows the net hyporheic fluxes over the 7-km river bed for the 50 selected flow conditions 418 

in the seven experiments compared with the fluxes from the control case (red line). The impacts 419 

from the perturbed parameters are consistent with the hyporheic flux distribution on the river bed 420 

under the No. 3 flow condition as shown in Figure 5. Generally, experiments A, C, and E enhance 421 

the hyporheic flux. Experiments B, D and F decrease the hyporheic fluxes.  For experiment G, it 422 

shows that estimated hyporheic flux is almost the same as the control case, which means that the 423 

assumption of applying hydrostatic pressure as the boundary condition is reasonable over the 424 

historical period. 425 

 426 



According to the 50 selected cases, the net hyporheic exchange rate on the river bed of the study 427 

domain can be empirically related to the river discharge and inland water stage by constructing a 428 

1st order polynomial function (Eq.(13)) for the control case and each experiment. Eq. (13) 429 

demonstrates an empirical function for the control case with a R2 of 0.8. 430 

ܳ௓ ൌ െ0.002356ܳோ ൅ 4.998݄ െ 519.5, (13)

where ܳ௓ is the net hyporheic exchange (݉ଷ/ݏ) on the river bed over the  study domain, ܳோ is the 431 

river discharge (݉ଷ/ݏ), and ݄ is the inland water stage (݉). Using the constructed empirical 432 

function (Eq. (13)), the net hyporheic discharge ܳ௓ over the study domain in the period of 2008 to 433 

2014 were estimated based on historical inland water stage data measured from inland well (as 434 

shown in Figure 1(a)) and river discharge data. The time series of ܳ௓ is shown in Figure S5 in 435 

supplementary materials, and interested readers can refer to Zhou et al. (Zhou et al., 2017b). The 436 

constructed empirical functions were then used to estimate the net hyporheic flux for the 437 

corresponding experiments for the period from 2008 to 2014. The mean net hyporheic exchange 438 

in the 7-km river reach of the control case and seven experiments over the study period are listed 439 

in Table III. The CDFs of the time series of net hyporheic exchange rates for the numerical 440 

experiments (i.e., experiments A to G) are shown in Figure 7. The blue lines in Figure 7 are the 441 

CDFs for the control case, and the red lines are the CDFs for the parameter perturbation 442 

experiments. The distance ܦ௘,௖  from the K-S test was used to measure the differences of the CDFs 443 

between the control case and the experiments A to G as shown in Figure 7. The distances ܦ௘,௖ are 444 

listed in Table III. By comparing the CDFs, the thickness of alluvium layer has the most significant 445 

impact on the hyporheic flux (experiments A and B), the permeability of the alluvium layer is also 446 

important to the hyporheic flux (experiments E and F), because the alluvium layer is the interface 447 

between the river water and subsurface domain, which is expected to affect the flux considerably. 448 



The Ringold lower mud layer upper boundary can slightly impact the hyporheic flux (Experiments 449 

C and D), because the 70 to 90 m range of the upper boundary of Ringold lower mud layer, which 450 

represents stratigraphic unit information from nearby boreholes (Thorne et al., 2006; Williams et 451 

al., 2008; USDOE, 2010) in the study domain, is still very small compared to the ~800 m wide 452 

river. The assumption of using the hydrostatic pressure as the boundary condition (Experiment G) 453 

leads to almost the same CDF as that from the control case. The qualitative comparison among the 454 

CDF indicates that the three subsurface property and structure parameters are more important than 455 

the assumption of hydrostatic pressure for averaged fluxes over the domain, but such an analysis 456 

does not give us quantitative information on the importance among the three subsurface property 457 

and structure parameters. 458 

 459 

To quantify the relative importance of the parameters, the ANOVA method based GLM regression 460 

described in Section 3.2.4 was used to measure their impacts using two metrics: the mean net 461 

hyporheic exchanges and distance ܦ௘,௖  from the K-S test. For the ANOVA, the inputs are the four 462 

perturbed parameters (column 2 to 5 in Table III), and the output is the mean hyporheic exchanges 463 

on the river bed and distance ܦ௘,௖ (column 6 and 7 in Table III). Figure 8 shows the sensitivity 464 

scores of the four parameters for the two response variables (i.e., the mean net hyporheic flux and 465 

the distance ܦ௘,௖). Consistent with the qualitative investigation on the hyporheic flux distribution 466 

on the river bed for flow condition No.3 (Figure 5), net hyporheic flux or the 50 selected flow 467 

conditions (Figure 6) and CDFs (Figure 7), the alluvium layer thickness shows significant 468 

importance based on both response variables, which contributes about 75% of the total variance in 469 

terms of both metrics. Alluvium layer permeability and Ringold lower mud layer upper boundary 470 

contribute around 10% to the total variance respectively, and the alluvium layer permeability is 471 



slightly more important than that of the Ringold lower mud layer in modulating the exchange. The 472 

assumption of using the hydrostatic pressure as the boundary condition is the least important 473 

parameter, which contributes around 0.8% and 4% for the mean net hyporheic flux and distance 474 

 ௘,௖ based sensitivity measures, respectively.  475ܦ

 476 

4.2 Impacts of hydrostatic pressure assumption on the hyporheic exchanges 477 

Sensitivity analyses discussed in Section 4.2 show that the assumption of applying hydrostatic 478 

pressure almost has the least impact on the net hyporheic flux on the 7-km river bed. Figure 9(a) 479 

shows the pressure difference ( ∆ܲ ൌ ுܲ െ ோܲ஽) on river bed by using the No. 5 flow condition in 480 

Table II. The mean of ∆ܲ is -2.2 Pa, and the standard deviation is 14.9 Pa. Figure 9(b) shows the 481 

difference of local hyporheic fluxes (∆݂ ൌ ு݂ െ ோ݂஽) on river bed between two cases with ுܲ and 482 

ோܲ஽  applied on the river bed as pressure boundary conditions. The mean of flux difference is 483 

1.97 ൈ 10ି଼ m s-1, and the standard deviation of flux difference is 3.24 ൈ 10ି଻m s-1. The mean 484 

hyporheic fluxes from 2008 to 2014 on the 7-km river bed are -0.642 m3 s-1 and -0.643 m3 s-1 for 485 

applying ோܲ஽ and ுܲ as pressure boundary conditions respectively. This means that by considering 486 

fluid dynamics, the mean net hyporheic flux that penetrates into the subsurface is about 0.16% 487 

more. Therefore, this indicates that the surface water fluid dynamics do not significantly impact 488 

the net hyporheic flux on the whole 7-km river bed. However, if the study domain is smaller, such 489 

as a river section of a few hundred meters, the impact from the considering fluid dynamics may be 490 

larger. Figure 9(c) shows the boxplot for the relationship between selected domain area and relative 491 

difference in mean net fluxes defined as: 492 



௥∆ܨ ൌ
ிಹିிೃವ
|ிೃವ|

. (14)

where ܨோ஽ is the net hyporheic flux averaged over the period of 2008 to 2014 in a selected sub-493 

domain with ோܲ஽ as the boundary condition, and ܨு  is its counterpart with ுܲ as the boundary 494 

condition. To draw robust conclusions, we generated ten thousand sub-domains with random 495 

positions and sizes for this analysis. For the sub-domain area smaller than 1.6 ݇݉ଶ, the relative 496 

difference ܨ∆௥ can be over േ10%. For the sub-domain area larger than 2.4 ݇݉ଶ, ܨ∆௥ is controlled 497 

smaller than േ1%. The total river bed area of the 7-km river is about 4.7 ݇݉ଶ. This is consistent 498 

with the general understanding that the hydrostatic assumption is sufficient for large river reaches.  499 

 500 

5 Conclusion 501 

A one way coupled river surface water and subsurface three-dimensional CFD simulation model 502 

was built in the commercial CFD software STAR-CCM+. Through validations against data from 503 

an ADCP survey for the surface water flow, and a one-month long iButton survey for the hyporheic 504 

fluxes, the proposed CFD model can provide reliable results for a large scale (a few km) river 505 

reach, and the computation cost is affordable with parallel computations. Each flow condition 506 

requires around a simulation of 6-10 hours for stabilizing the surface water flow on 96 CPU cores 507 

on the PNNL Institutional Computing (PIC) cluster using Intel Haswell E5-2670 CPUs (Intel, 508 

2012). Each subsurface parameter setup requires a simulation of ~1 hour on the same computing 509 

cluster. The proposed CFD model was applied to explore the impact of alluvium layer thickness, 510 

alluvium layer permeability, Ringold lower mud layer upper boundary, and the assumption of 511 

hydrostatic pressure. Generally, a thinner alluvium layer, a larger permeability, and a lower 512 

Ringold lower mud layer upper boundary lead to larger hyporheic fluxes across the river bed. The 513 



results from the numerical experiments were then used to construct empirical functions that relate 514 

the hyporheic flux to river discharge and inland water stage, which are applied to estimate the 515 

mean hyporheic flux and CDF for the period from 2008 to 2014 over the study domain. Based on 516 

the estimated net hyporheic flux, the CDFs and the ANOVA-based sensitivity analysis, we 517 

demonstrate that the alluvium layer thickness has the biggest impact on the hyporheic exchange, 518 

followed by the alluvium layer permeability and the upper boundary depth of the Ringold lower 519 

mud layer, while the assumption of hydrostatic pressure shows the least impact for a 7-km section 520 

river reach. To our knowledge, this is the first quantitative study on comparing the uncertainty 521 

induced by the assumption of hydrostatic pressure with that by subsurface structure and properties 522 

uncertainty. Though the uncertainty induced by hydrostatic pressure assumption is relatively small 523 

for the 7-km river reach, our detailed statistical analysis based on random samples from the domain 524 

shows that, for the studied section of the Columbia river, when the sub-domain area is smaller than 525 

1.6 ݇݉ଶ, the relative difference ܨ∆௥ can be more than േ10%. For the sub-domain area larger than 526 

2.4 ݇݉ଶ, ܨ∆௥ is smaller than േ1%. 527 

 528 

This study shows a good example and application to use the proposed CFD model combined with 529 

uncertainty quantification tools to study hyporheic exchange in a large river reach with frequent 530 

hydropeaking events. However, although the three-dimensional CFD model is useful for studying 531 

such exchanges for at multiple snapshots under selected flow conditions, the model is 532 

computationally expensive and can hardly be extended for continuous simulations, since the CFD 533 

simulation needs sub-second time step interval to reach converged solutions. Therefore, we will 534 

explore means to improve the computational efficiency of the modeling framework, such as using 535 

the open source CFD tools open-FOAM (Jiang and Liu, 2017; OpenCFD, 2017; Zhou et al., 2017), 536 



to alleviate limitations imposed by commercial software (i.e., a license is required for each CPU 537 

for STAR-CCM+ applications) in the near future. 538 

 539 
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Table I. Subsurface properties for the control case. 

 Horizontal permeability (m2) Ratio between the vertical and 
horizontal permeability 

porosity 

Alluvium layer Heterogeneous              (݇ு
஺) 0.1                             (݇௏

஺/݇ு
஺) 0.170 

Hanford layer 1.23 ൈ 10ି଼                  (݇ு
ு) 0.1                             (݇௏

ு/݇ு
ு) 0.373 

Ringold gravel layer 1.93 ൈ 10ିଽ                  (݇ு
ோீ) 0.35                           (݇௏

ோீ/݇ு
ோீ) 0.294 

Ringold lower mud layer 2.527 ൈ 10ିଵହ              (݇ு
ோெ) 0.27                           (݇௏

ோீ/݇ு
ோீ) 0.351 

 

  



Table II. The 50 river discharge and inland water level conditions used as boundary conditions 
for the numerical experiments. 

Flow 
condition 
index 

River 
discharge 
 (࢙/૜࢓)

Upstream 
stage (࢓) 

Upstream 
velocity 
 (࢙/࢓)

Downstream 
stage (࢓) 

Inland well 
water stage 
 (࢓)

Inland 
upstream 
stage (࢓) 

Inland 
downstream 
stage (࢓) 

1 3041.0 105.7208 1.156667 104.8642 104.8591 105.3871 104.5351 
2 2309.7 105.3217 0.978750 104.7200 104.9220 105.4500 104.5980 
3 8651.2 108.8004 1.779167 107.4263 107.7089 108.2369 107.3849 
4 3823.3 106.2621 1.263750 105.3033 105.5156 106.0436 105.1916 
5 1132.1 104.7954 0.568750 104.6108 104.7711 105.2991 104.4471 
6 6613.1 107.8425 1.588333 106.6000 106.6478 107.1758 106.3238 
7 5163.6 107.0417 1.445417 105.8954 106.3290 106.8570 106.0050 
8 1815.3 105.0938 0.810417 104.6788 104.8743 105.4023 104.5503 
9 3405.1 106.0871 1.169167 105.2767 105.3969 105.9249 105.0729 
10 3299.5 106.0413 1.152500 105.2625 105.5000 106.0280 105.1760 
11 3547.1 106.1133 1.220417 105.2254 105.1885 105.7165 104.8645 
12 4455.1 106.6358 1.358750 105.5746 105.7603 106.2883 105.4363 
13 2223.3 105.3388 0.943333 104.7917 105.0504 105.5784 104.7264 
14 2025.0 105.1454 0.897917 104.6358 104.9222 105.4502 104.5982 
15 1754.5 105.1733 0.782083 104.8163 104.9467 105.4747 104.6227 
16 3679.1 106.2117 1.231250 105.3133 105.2486 105.7766 104.9246 
17 3024.6 105.8492 1.104167 105.1146 105.1840 105.7120 104.8600 
18 4642.7 106.8329 1.356250 105.8308 105.9540 106.4820 105.6300 
19 4294.1 106.6179 1.310417 105.6538 105.9451 106.4731 105.6211 
20 2364.3 105.5029 0.948750 104.9617 105.3559 105.8839 105.0319 
21 6310.8 107.7854 1.532083 106.6550 106.5015 107.0295 106.1775 
22 3222.3 105.9400 1.150833 105.1379 105.2405 105.7685 104.9165 
23 2824.3 105.6571 1.087917 104.9125 105.4675 105.9955 105.1435 
24 2361.7 105.4267 0.961250 104.8546 104.9886 105.5166 104.6646 
25 4362.8 106.6525 1.326250 105.6738 106.2739 106.8019 105.9499 
26 3788.8 106.3829 1.217083 105.5471 105.3687 105.8967 105.0447 
27 2127.4 105.3417 0.888750 104.8621 104.9636 105.4916 104.6396 
28 2517.2 105.5471 0.989167 104.9496 105.1534 105.6814 104.8294 
29 1916.2 105.1413 0.850417 104.6933 105.0291 105.5571 104.7051 
30 3790.9 106.2100 1.274167 105.2229 105.2280 105.7560 104.9040 
31 2130.4 105.3238 0.899583 104.8321 104.9651 105.4931 104.6411 
32 4826.2 106.9188 1.384583 105.8733 105.9191 106.4471 105.5951 
33 3518.4 106.1675 1.186250 105.3421 105.4175 105.9455 105.0935 
34 2043.6 105.2021 0.895417 104.7046 104.8760 105.4040 104.5520 
35 4100.2 106.4775 1.291250 105.5183 105.5210 106.0490 105.1970 
36 7940.8 108.4708 1.722917 107.1292 107.5395 108.0675 107.2155 
37 2802.5 105.6100 1.077500 104.8779 104.9983 105.5263 104.6743 
38 3570.5 106.1546 1.204583 105.2838 105.6315 106.1595 105.3075 
39 6141.1 107.5767 1.547917 106.3467 106.6117 107.1397 106.2877 
40 2483.8 105.5017 0.986667 104.8979 105.1674 105.6954 104.8434 
41 2927.9 105.8213 1.072083 105.1292 105.3053 105.8333 104.9813 
42 3856.0 106.2963 1.267500 105.3442 105.6352 106.1632 105.3112 
43 2267.3 105.3863 0.944167 104.8408 105.0380 105.5660 104.7140 
44 1804.8 105.1183 0.811667 104.7188 104.8361 105.3641 104.5121 
45 1798.8 104.8133 0.904167 104.2929 104.5712 105.0992 104.2472 
46 5021.1 107.0354 1.405000 105.9746 105.9160 106.4440 105.5920 
47 5412.7 107.1767 1.474583 106.0038 106.2098 106.7378 105.8858 
48 5336.4 107.1625 1.457083 106.0229 106.2567 106.7847 105.9327 
49 2688.9 105.5867 1.052083 104.8979 105.0307 105.5587 104.7067 
50 2864.7 105.6838 1.100833 104.9300 105.0992 105.6272 104.7752 

   



Table III. Summary of numerical experiments for sensitivity analysis on subsurface properties 
and riverbed pressure boundary conditions; ோܲ஽ * is the actual pressure considering river water 
fluid dynamics; ுܲ** is the hydrostatic pressure. 

 

 Alluvium layer 
thickness (m) 

Alluvium layer 
permeability (m2) 

Ringold lower 
mud layer 
upper 
boundary (m) 

Pressure on 
river bed 

Mean net 
hyporheic 
flux on the 
river bed 
 (࢙/૜࢓)

Distance 
between 
CDFs 
 (௘,௖ܦ)

Control 2 Estimated from 
underwater video-camera 
footage and accompanying 
grain-size analyses (݇ு

஺) 

78 ோܲ஽* -0.642 
 

0.000 

Exp. A 1 ݇ு
஺ 78 ோܲ஽ -0.998 0.160 

Exp. B 3 ݇ு
஺ 78 ோܲ஽ -0.569 0.045 

Exp. C 2 ݇ு
஺ 70 ோܲ஽ -0.680 0.031 

Exp. D 2 ݇ு
஺ 90 ோܲ஽ -0.539 0.077 

Exp. E 2 ݇ு
஺ ൈ 1.648 78 ோܲ஽ -0.754 0.067 

Exp. F 2 ݇ு
஺/1.648 78 ோܲ஽ -0.557 0.064 

Exp. G 2 ݇ு
஺ 78 ுܲ** -0.643 0.003 

 



 

Figure 1: Configurations of the studied river reach; (a) Studied 7-km Columbia River domain; (b) Sketch of the 

layered subsurface structure (not draw in scale); (c) Horizontal permeability distribution in alluvium layer (݇ு
஺); (d) 

Sketch of the one-way coupling frame 

 

  



 

 
(a) 

 
(b) 

Figure 2: Meshes for the simulation domain. (a) Perspective view of the meshes; (b) side view of the meshes for 
clarifying the mesh regions. For showing the mesh clearly, the vertical direction (z) is scaled up 10 times. 

  



 

Figure 3: Comparison between the cumulative density functions of the MASS1 outputs from 2008 to 2014 and the 
50 selected flow conditions used as boundary conditions for the CFD simulations. 

 

  



   
(a) 

 
(b) (c) (d) 

 
(e) (f) (g) (h) 

 

Figure 4: Hyporheic fluxes on the river bed, and stream lines at cross section A-A (red line in Figure 6(a)). (a) 
Hyporheic fluxes on river bed under the No. 5 flow condition (i.e., the lowest river discharge). The warm color means 
the flux flows into river surface water, and the cold color means the flux flows into subsurface; (b) Hyporheic fluxes 
on river bed under the No. 3 flow condition (i.e., the highest river discharge); (c) Hyporheic fluxes on river bed under 
the No. 23 flow condition (i.e., the highest net hyporheic flux into river); (d) Hyporheic fluxes on river bed under the 
No. 21 flow condition (i.e., the highest net hyporheic flux into subsurface); (e) streamlines at cross section A-A under 
the  No.5 flow condition. The red portion means the stream flow upward into river surface water, and the blue portion 
means the stream flow downward into subsurface. Green line is the water level; (f) streamlines at cross section A-A 
under the No.3 flow condition; (g) streamlines at cross section A-A under the No.23 flow condition; (h) streamlines 
at cross section A-A under the No.21 flow condition. 

A A 
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(a) 
 

(b) (c) (d) (e) (f) (g) 

Figure 5: Difference in hyporheic fluxes between the experiments with perturbed parameters and the control case for 
the flow condition No. 3 (i.e., the highest river discharge), and (a)-(g) stand for the experiments A to G.  



 

Figure 6: Net hyporheic fluxes on the 7-km river bed for the 50 selected flow conditions from the seven 
experiments compared with the flux from control case (red line).  



 

Figure 7: The CDFs of net hyporheic exchange rates on the river bed of the study domain in the period from 2008 
to 2014 for the parameter perturbation experiments A to F.   



(a) (b) 
 

Figure 8: Sensitivity scores for perturbed parameters and model setups. (a) Sensitivity scores based on the mean net 
hyporheic flux; (b) Sensitivity scores based on the ܦ௘,௖ in the K-S test. 

  



 

 

  

(a) (b) (c) 
Figure 9: Difference between the cases with and without considering surface water dynamic pressure. (a) Pressure 
difference ( ∆ܲ); (b) Hyporheic flux difference on river bed; (c) boxplot for the relationship between domain size 
(i.e., in terms of area) and relative difference in the net hyporheic flux. 

 

0.4 1.2 2 2.4 3.2
-1

5
-5

0
5

1
0

Area km
2

R
e

la
tiv

e
 d

iff
e

re
n

ce
 (%

)



 

 

 

 Supplementary Materials 

Quantifying Hyporheic Exchanges in a Large Scale River Reach Using Coupled 3-D 

Surface and Subsurface Computational Fluid Dynamics Simulations 

 

J. Bao1, T. Zhou1, M. Huang1, Z. Hou1, W. Perkins1, S. Harding1, S. Tizler1, G. Hammond2, H. 

Ren1, P. Thorne1, S. Suffield1, C. Murray1, J. Zachara1, T. Scheibe1 

1Pacific Northwest National Laboratory, Richland, WA, USA 

2Sandia National Laboratories, Albuquerque, NM, USA 

 

 

 

 

 

 

 



S.1 Surface water flow validation 

As introduced in Section 2, for validating the CFD simulation results in the surface water domain, 

an ADCP survey was done on 19 Febuary 2016. On the ADCP survey day, the daily averaged 

upstream river water stage is 105.6 m, and the averaged velocity is 1 m s-1, which are used for the 

inlet boundary. The downstream river water stage is 105.04 m, which is used as the outlet boundary 

combining with the hydrostatic pressure. Upstream stage, downstream stage, and the inlet velocity 

are derived from MASS1 modeling. Figure S1(a) shows the CFD simulated velocity profiles and 

stream lines for the flow conditions on the ADCP survey day. With two islands, the river water 

mainly enters the east channel to cross the north island, and then turns west into the west channel 

to cross the south island. 

 

Because the ADCP survey cannot measure the local elevation of the river water surface, the CFD 

simulated surface water stages averaged over transects corresponding to the MASS1 nodes are 

compared against MASS1 calculated stages, as shown in Figure S1(b). The CFD results can 

capture the river stage gradient fairly well. Figure S1(c) shows the comparison of CFD simulated 

river water discharge with ADCP measurements at each cross section as marked in Figure 1(a). 

The CFD results can match the measurements very well. Figure S2 shows the velocity profiles 

comparison between CFD simulated result and ADCP measurements at cross sections A to D. The 

figures in the left column are the velocity magnitude vs. depth profiles at 1/6, 1/3, 1/2, 2/3, and 5/6 

width of the cross sections. The figures in the right column are the velocity profiles on the whole 

cross section. The CFD simulation results match ADCP very well, with only slight deviations. 

There are a few reasons that may cause the small deviations. Firstly, the CFD simulations used the 

daily averaged flow condition as the boundary conditions, but the ADCP measure the velocity at 



each location for 15 seconds, so the flow condition kept changing during the ADCP survey. 

Secondly, the comparing location shown in Figure 4 may not be the exactly same, because of the 

limitation of boat’s location and elevation accuracy and the CFD geometry accuracy. Finally, the 

CFD geometry cannot capture every details on the river bed, such as small stones, plants and 

moving objects in the river.  

 

 

 

 

 

 

 

 



 

(a) 

 

(b) (c) 
 

Figure S1: CFD simulation results and validation; (a) CFD simulated velocity profiles and stream lines for the flow 
condition on ADCP survey day; (b) Comparison between CFD simulated stages with MASS1calculated stages; (c) 
Comparison between CFD simulated river water discharges with ADCP measured ones. 
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Figure S2: Comparison between CFD simulated velocity profiles with ADCP measurements at cross sections A to 
D as marked in Figure 1(a). The left column (a), (c), (e), and (g) are the velocity magnitude vs. depth profiles at 1/6, 
1/3, 1/2, 2/3, and 5/6 width of the cross sections. The right column (b), (d), (f), and (h) shows the velocity magnitude 
on the whole cross section. 

 



S.2 Hyporheic flux validation 

The iButtons recorded the temperature profile at different depths in subsurface in March 2016. The 

temperature time series were then converted to hyporheic fluxes using a hybrid modeling 

framework (Zhou et al., 2017b) that combines the dynamic harmonic regression (DHR) (Young 

et al., 1999), an analytical solution (Turcotte and Schubert, 1982), and the Local Polynomial 

method with a Maximum Likelihood estimator (LPML) model (Vandersteen et al., 2015). During 

the one month measuring period, three surface water flow conditions were selected to set up the 

CFD simulations. As marked in Figure S1(a), the three surface water flow conditions represent the 

low, median and high flow in March 2016. With the corresponding inland water stage as the orange 

line shown in Figure S1(a), the flux distributions on river bed for the three flow conditions are 

shown in Figure S1(b-d). The cold color means the river water penetrates into subsurface, and the 

warm color means the water flow back into the river. Figure S1(e) shows the comparison of 

hyporheic fluxes between the CFD simulations and iButtons measurements. The lines are the CFD 

simulated flux along the red line marked in Figure S1(b), and the bars are the iButtons 

measurements at the five locations as the red stars marked in Figure S1(b) or the red triangles 

marked in Figure 1. 

 

 

 



(a) 
 

 
(b) (c) (d) 

(e) 
Figure S3: Comparison of hyporheic flux on the river bed between the CFD simulations and iButton measurements. 
(a) Flow conditions and inland water stage during the iButton measurement period; (b-d) CFD simulated hyporheic 
fluxes on the river bed for the low, median, and high flow conditions. (e) Comparison of hyporheic fluxes alone the 
red line in panel (b) between the CFD simulations and iButton measurements. 

 



S.3 Hyporheic fluxes on the river bed 

 

 

Figure S4: Hyporheic fluxes on the river bed for the control case under the 50 selected flow conditions. 



S.4 Time series of hyporheic exchanges on the river bed 

The total hyporheic exchange on the river bed for the 7-km river reach is estimated by the regressed 
polynomial function: 

ܳ௓ ൌ െ0.002356ܳோ ൅ 4.998݄ െ 519.5, (S1)

where ܳ௓ is the net hyporheic exchange (݉ଷ/ݏ) on the river bed of study domain, ܳோ is the river 

discharge (݉ଷ/ݏ), and ݄ is the inland water stage (݉). Using the constructed empirical function in 

S1, the net hyporheic exchange ܳ௓ in the study domain over the 7-year period from 2008 to 2014 

were estimated based on historical inland water stage data measured from inland well (as shown 

in Figure 1(a)) and river discharge data calculated from the MASS1 model. Figure S3 shows the 

time series of ܳ௓, and more details are discussed in Zhou et al (Zhou et al., 2017a; Zhou et al., 

2017b). The mean hyporheic exchange for the period 2008 to 2014 is -0.642 m3/s.  

 

Figure S5: Time series of hyporheic exchange on the river bed of study domain. 

  



Reference 

Turcotte DL, Schubert G. 1982. Geodynamics: Applications of Continuum Physics to Geological Problems. 
John Wiley & Sons. 

Vandersteen G, schneidewind U, Anibas C, Schmidt C, Seuntjens P, batelaan O. 2015. Determining 
groundwater‐surface water exchange from temperature‐time series: Combining a local 
polynomial method with amaximum likelihood estimator. Water Resources Research, 51: 922–
939. DOI: 10.1002/2014WR015829.Received. 

Young PC, Pedregal D, Tych W. 1999. Dynamic harmonic regression. J. Forecast., 18: 369–394. DOI: 
10.1002/(SICI)1099‐131X(199911)18:6<369::AID‐FOR748>3.0.CO;2‐K. 

Zhou T, Bao J, Huang M, Hou Z, Arntzen E, Mackley R, Harding S, Murray C, Perkins W, Chen X, Stegen J, 
Hammond G, Thorne P, Zachara J. 2017b. Quantifying hyporheic exchange dynamics in a highly 
regulated large river reach. Water Resources Research, Under review. 

Zhou T, Huang M, Bao J, Hou Z, arntzen E, Mackley R, Crump A, Goldman A, Song X, Xu Y, Murray C, 
Stegen J, Zachara J. 2017a. Spatial and temporal variations in shallow water hyporheic 
exchanges along a highly regulated large river reach. Groundwater, Under review. 

 


	CFD_river_paper_V15
	CFD_river_paper_V15_tables
	CFD_river_paper_V15_figures
	CFD_river_paper_V15_SI

