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Abstract 20 

Hyporheic exchange is an important mechanism taking place in riverbanks and 21 

riverbed sediments, where river water and shallow groundwater mix and interact with 22 

each other. The direction, magnitude, and residence time of the hyporheic flux that 23 

penetrates the river bed are critical for biogeochemical processes such as carbon and 24 

nitrogen cycling, and biodegradation of organic contaminants. Many approaches 25 

including field measurements and numerical methods have been developed to quantify 26 

the hyporheic exchanges in relatively small rivers. However, the spatial and temporal 27 

distributions of hyporheic exchanges in a large, regulated river reach remain less 28 

explored due to the large spatial domains, complexity of geomorphologic features and 29 

subsurface properties, and the great pressure gradient variations at the riverbed created 30 

by dam operations. 31 

In this study, we developed a method that combined numerical modeling and 32 

field measurements for estimating hyporheic fluxes across the river bed in a 7-km long 33 

reach of the highly regulated Columbia River. The reach has a minimum width of about 34 

800 meters and variations in river stage within a day could be up to two meters due to 35 

the upstream dam operations. A high-resolution computational fluid dynamics (CFD) 36 

modeling framework was developed and validated by the field measurements and 37 

other modeling results to characterize the spatial distribution of flux rates across the 38 

river bed at different river flow conditions. An empirical relationship was then 39 

established between the reach-scale hyporheic flux rates and the flow conditions in 40 

order to examine the hyporheic dynamics at any given flow conditions. We found that 41 

the mean hyporheic exchange rate is about -0.6 m3 s-1 across the entire river reach from 42 

2008 to 2014 with temporal variability at multiple scales. This approach is general and 43 

extendable to other natural and managed river reaches for quantifying hyporheic 44 

exchange dynamics by relating the estimated fluxes with river discharge through 45 
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simple relations, and combining with geomorphological and hydrogeological 46 

characterizations of river reaches for watershed scale applications  47 
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1. Introduction 48 

The hyporheic zone is a critical component in the fluvial system, located in the 49 

aquifer surrounding the river channel [Harvey et al., 1996; Gooseff, 2010]. Surface water 50 

transfers through the hyporheic zone and mixes with groundwater via intrusion and 51 

then returns to the river, making the hyporheic zone a critical spot for biogeochemical 52 

processes such as carbon and nitrogen cycling, and biodegradation of organic 53 

contaminants [Findlay et al., 1993; Valett et al., 1996; Sobczak and Findlay, 2002; Anderson et 54 

al., 2005; Zarnetske et al., 2011a, 2011b]. Hyporheic exchange dynamics, including the 55 

direction and magnitude of the hyporheic flux as well as the retention time of flow in 56 

the hyporheic zone define where and when the biogeochemical processes occur and 57 

residence time of species in the hyporheic zone [Morrice et al., 1997; Boulton et al., 1998; 58 

Tonina and Buffington, 2007]. Hyporheic flows are controlled by channel geometry, basin 59 

geology, and hydrology [Brunke et al., 1997; Winter, 1999], but essentially the governing 60 

factors of the hyporheic flux rate are permeability and hydraulic gradients in the porous 61 

media. In a highly regulated river, the hydraulic gradient not only reflects the 62 

hydrometeorological characteristics in the catchment, more importantly, it is 63 

determined by the river stage variations from upstream dam operations. The impacts of 64 

dam operations on river flow and hydraulics could extend to a few hundred kilometers 65 

downstream of a dam [Arntzen et al., 2006] with a wide spectrum of timescales from 66 

hourly to monthly [Poff et al., 1997].  67 

Hyporheic exchanges in regulated river systems have been studied via field 68 

measurements or modeling tools in previous studies at the point [e.g. Arntzen et al., 69 

2006] or transect scales [e.g. Sawyer et al., 2009; Cardenas and Markowski, 2011; Gerecht et 70 

al., 2011]. These fine-scale studies usually employed Darcy’s Law or heat transport 71 

equations by monitoring head differences or temperature time series at different depths 72 

[Kalbus et al., 2006]. They are important and necessary for understanding the 73 
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fundamental physical and biological processes in the hyporheic zone [Harvey and 74 

Gooseff, 2015]. These point measurements can be further interpolated to a 2D or 3D 75 

domain to characterize the hyporheic exchange dynamics in both space and time at 76 

reach scales [e.g. Gerecht et al., 2011; Anibas et al., 2015]. They could also be combined 77 

with statistical methods to quantify hyporheic dynamics. For example, Conant [2004] 78 

established an empirical relationship between simultaneously obtained flux data from 79 

mini-piezometers and riverbed temperature in a 60-meter long river section. This 80 

method allows researchers to generate a spatial distribution of hyporheic fluxes by 81 

simply sampling temperatures over the river bed in relatively small river systems. 82 

However, the point measurement-based approaches are often subjected to a great level 83 

of uncertainties due to simplified assumptions and instrument accuracy. Most of them 84 

are not suited for large-scale studies because of the intensive data requirement over 85 

large spatial and temporal domains, especially in our study river reach (explained in 86 

next section) which has a width of nearly 1000 m and a depth of over 10 m along the 87 

thalweg. Therefore, using numerical modeling to estimate the hyporheic flux became 88 

popular in the past few decades because of its flexibility on domain configurations and 89 

reduction in measurement and computational expenses. Numerical modeling has been 90 

proven in many studies as a robust tool for quantifying flow dynamics and for 91 

understanding fundamental physical and biogeochemical processes in the hyporheic 92 

zone [e.g. Cardenas et al., 2004; Lautz and Siegel, 2006; Tonina and Buffington, 2007; 93 

Stonedahl et al., 2010; Janssen et al., 2012; Trauth et al., 2013; Zhou and Endreny, 2013]. 94 

However, applying a coupled surface water – groundwater model in a large river reach 95 

remains less explored. 96 

Hyporheic exchanges in rivers occur at various scales ranging from a single point 97 

or transect to a basin. Yet, most of the previous studies mentioned above focused on 98 

small-scale applications. The increasing needs of linking small-scale hyporheic physical 99 
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and biogeochemical processes to larger scale integrated behaviors have attracted 100 

attention from the community in recent years [Harvey and Gooseff, 2015]. Kiel and 101 

Cardenas [2014] estimated lateral hyporheic exchanges in three large river basins 102 

(Missouri, Upper Mississippi, and Ohio) using a simple relation at the river reach scale 103 

that connects lateral hyporheic fluxes to river discharge and local channel geomorphic 104 

features such as channel width, depth, sinuosity, and valley slope. Gomez-Velez et al. 105 

[2015] attempted to compare the relative importance of hyporheic exchange through 106 

sedimentary structures on the river bottom and lateral transfer using a physically based 107 

hyporheic flow model along the river network of the Mississippi River Basin. These 108 

applications demonstrate the feasibility of establishing linkages across scales in 109 

hyporheic studies. However, these studies were limited to steady flow conditions, 110 

therefore their approaches aren’t very applicable to the study of regulated rivers with 111 

highly dynamic flow rates. 112 

In this study, we aim to quantify the hyporheic exchange based on numerical 113 

simulations and link the reach-scale exchange with the river discharge and inland water 114 

table level in a large, dam-regulated river reach. Such a linkage is crucial for 115 

parameterizing reach-scale hyporheic exchange rates from small-scale mechanistic 116 

models to applications at larger scales in both space and time, such as the one by Kiel 117 

and Cardenas [2014]. In our modeling framework, a loosely coupled computational fluid 118 

dynamics (CFD) model was established and validated against surface flow hydraulics 119 

data and fluxes estimated based on field temperature measurements. The CFD model 120 

was then applied over the selected river reach under various flow conditions and inland 121 

water level configurations to investigate the relation between net hyporheic exchanges 122 

at the reach scale in response to various flow conditions.  123 

To summarize, the goals of this study are 1) to quantify the averaged hyporheic 124 

exchange rates over a large river reach with highly variable flows caused by dam-125 
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regulation using a CFD model; and 2) to examine how the reach-scale hyporheic 126 

exchange is driven by the highly dynamic river stage versus the more stable inland 127 

water table conditions; and use the established relation to reconstruct historical 128 

hyporheic dynamics in the study reach. In section 2, we describe the study domain and 129 

CFD model validations. In section 3, we analyze the results, and then discuss the 130 

uncertainties of the methods and conclude in section 4. 131 

2. Method 132 

2.1 Study reach 133 

Our study reach is a 7-km long, 800-meter wide, nearly straight river segment 134 

inside the U.S. Department of Energy Hanford Site, near the 300A area (Figure 1). The 135 

Columbia River flows from north to south through the study reach over a 40 - 60 m 136 

thick aquifer, which consists of two major hydrogeological units: a highly permeable 137 

Pleistocene flood gravel layer of the Hanford Formation on top and a more consolidated 138 

and less permeable Miocene to Pliocene fluvial deposition layer of the Ringold 139 

Formation at the bottom. At the very top of the river bed, there is a thin layer of 140 

alluvium with varying thicknesses ranging from one to three meters [Hartman and 141 

Dresel, 1998]. Along the river there are a number of sandbar islands, forming a deep 142 

primary channel and a relatively shallower secondary channel on the opposite side of 143 

the islands (Figure 1). A hydroelectric dam (Priest Rapids Dam) is located about 80 km 144 

upstream of the study reach. According to the historical river stage record at the study 145 

reach during the past 40 years, the stage levels could vary two meters in maximum 146 

within a day with a range between 105 m to 109 m based on the North American 147 

Vertical Datum of 1988 (NAD88). In this study, the river stage observations were 148 

recorded every 30 mins by a pressure transducer logger (SWS-1) installed inside our 149 

study domain since the year 2001. A monitoring well (Well 2-3), about 150m from the 150 

river, was used as the reference point of the inland water level (Figure 1). 151 
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2.2 Modeling strategy  152 

The surface water hydrodynamics and hyporheic flows were simulated in a CFD 153 

model for the study river reach (Figure 2). In the following sub-sections, model 154 

configurations, inputs, and validations will be explained in details.  155 

2.2.1 High resolution CFD model 156 

The centerpiece of our modeling framework is a high resolution CFD model that 157 

seamlessly couples surface and subsurface flow simulations in a two-region mesh setup 158 

using the commercial code STAR-CCM® (CD-adapco, 2015). The modeling domain is 159 

divided into surface flow and subsurface flow regions with a shared river bed surface. 160 

The simulation was first spun up in the surface flow region to reach the equilibrium and 161 

then the established pressure field at the riverbed was applied as the upper boundary 162 

condition for the subsurface domain. The CFD model solves the mass and momentum 163 

conservation equations for surface fluid dynamics using the finite volume method with 164 

turbulences represented by k-ε two-layer model and the fluid-air interface captured by 165 

the Volume of Fluid (VOF) approach. In the subsurface domain, a large viscous 166 

resistance term was applied to the flow in order to mimic the resistance induced by the 167 

porous media. The viscous porous resistance tensor is determined by the horizontal and 168 

vertical permeability of the sediment. The equations of the CFD model are described in 169 

the supplementary materials (S.1).  170 

We used unstructured prism meshes for both domains. The horizontal resolution 171 

of the mesh ranges from 1 m to 25 m, and is finer close to the river-sediment interface 172 

and near the river banks and coarser toward the center of channels. To better capture 173 

the dynamic vertical exchange, the vertical resolution of the mesh was set to 0.25 m to 174 

0.45 m and denser near the riverbed. The total number of grid cells is ~6,500,000 for the 175 

surface water domain and ~8,600,000 for the subsurface domain. The channel geometry 176 

in the CFD model was configured based on the riverbed bathymetry derived from a 1-177 
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m resolution LiDAR river bathymetry dataset taken in the year of 2008 [Coleman et al., 178 

2010]. We simplified the subsurface domain as three geological layers overlapping with 179 

each other horizontally (from top to bottom: Hanford, Ringold Gravel, Ringold Lower 180 

Mud) and a 2-m thick fourth layer on top of the riverbed to represent the alluvium layer 181 

(Figure 3). The porosity and permeability of the three horizontal layers were estimated 182 

based on the well data collected previously in the 300 Area [Hartman and Dresel, 1998] 183 

(Table 1). Given that the alluvium layer was formed by the sediment depositions, the 184 

permeability, which is essentially governed by the grain sizes of the sediments and 185 

strongly affects the hyporheic flux rate, is highly dependent on the local stream power 186 

(i.e. flow speed and slope). Thus a great heterogeneity of the alluvium layer 187 

permeability is expected over the river bed. In this study, the spatial distribution of the 188 

alluvium layer permeability was extrapolated from an underwater video-camera 189 

footage based grain-size analysis [Fritz et al., 2007]. In this analysis, underwater video 190 

footage of the riverbed was collected along numerous transects across the study reach. 191 

The grain size of the largest sediment was measured in each footage, with the sizes 192 

ranging from sand to boulder. We used the Kozeny–Carman equation (Eq 1) to estimate 193 

the permeability of the alluvium layer based on the grain size of the bedload sediment:  194 

𝐾 =
𝐷2∅2𝑛2

180𝜌𝑔(1−𝑛)2
 (1) 195 

where K is the permeability, D is the median grain size of the sediment, ∅ is the 196 

sphericity of the particles in the river bed, n is the porosity, 𝜌 is the density of water, 𝑔 is 197 

the gravitational acceleration. Given that only the largest bedload sediment was 198 

measured in the video footage, we normalized these grain size measurements to the 199 

range between the Hanford and Ringold sediment (Figure 4) as these layers might be 200 

the major sediment sources of the alluvium layer. We assumed the sphericity was 0.7 201 

and porosity was 0.2.  202 
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The boundary conditions that drove the CFD model were generated based on 203 

model estimates and field measurements. For the surface flow simulation, the river 204 

stage and velocity at upstream and downstream boundaries were directly taken from a 205 

well-established 1-D hydraulic model (Modular Aquatic Simulation System in 1-206 

Dimension or MASS1). The MASS1 model was originally developed for simulating 207 

hydrodynamics in the Hanford Reach of the Columbia River [Richmond and Perkins, 208 

2002; Richmond and Perkins, 2009; Niehus et al., 2014]. It simulates transient flow in rivers 209 

and canals by solving the one-dimensional, cross-section averaged equations of mass 210 

and momentum conservations (St. Venant equations). The simulation results have been 211 

applied to a variety of problems in the Columbia River basin with relatively high 212 

accuracy in predicting flow stage profiles along the Hanford Reach (MAE less than 213 

0.15m and bias less than 0.06 m against field measurements at hourly basis during 214 

validation periods) (e.g. McMichael et al., 2005; Tiffan et al., 2002). Calibration and 215 

validation details of MASS1 model can be found in the supplementary materials (S.2). 216 

In this study, flow conditions were simulated at hourly basis in MASS1 from 1 January 217 

1976 to 19 February 2016 for the Hanford Reach from the Priest Rapids Dam to the 300 218 

Area (about 80 km). The MASS1-simulated river stage, discharge, and averaged flow 219 

velocity were exported at a series of cross-sections along the river with an interval of 220 

~200 m. The two cross-sections that are close to the CFD upstream and downstream 221 

boundaries were selected to provide CFD boundary conditions for the historical 222 

simulations. For the simulation period that the MASS1 simulation is not available (i.e. 223 

after 19 February 2016), the river stage data was first taken from SWS-1 river gauge 224 

observations and then translated to river discharge data via a long term (over 40 years) 225 

rating curve generated from MASS1 at the SWS-1 cross-section. CFD boundary 226 

conditions were then derived from the estimated discharge based on MASS1 rating 227 

curves at upstream and downstream cross-sections. The inland water table level was 228 
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based on the Well 2-3 recorded data, with a consistent water table gradient (1.2×10-4) 229 

averaged from historical well monitoring data [Williams et al., 2008]. 230 

2.2.2 CFD model validation 231 

We validated the CFD model for both surface and subsurface domains. The CFD 232 

simulated hyporheic flow was driven by the pressure gradients across the river bed. 233 

Therefore an accurate pressure boundary at the surface-water and groundwater 234 

interface is a prerequisite for modeling the hyporheic flux. Given that the pressure on 235 

the river bed is essentially a combination of river stage and pressure from the near-bed 236 

surface flow velocity, we validated the flow velocity profiles and flow surface elevation 237 

against the Acoustic Doppler Current Profiler (ADCP) measurements and MASS1 238 

simulated results. The ADCP measurements were carried out at four transects over the 239 

study reach (A, B, C, and D in Figure 1) on 19 February 2016 from 12 pm to 4 pm. These 240 

transects were selected to cover the entire channel width (transect C), main channel 241 

with deep bathymetry and relatively high flow velocity (transects A and D), and 242 

secondary channel with shallow bathymetry and lower flow velocity (transect B). A 243 

vessel mounted 1200 kHz RDI Workhorse Sentinel ADCP was used to measure the flow 244 

velocity profiles with 0.5 m vertical interval and 0.2 Hz output frequency. 245 

Measurements at each transact were repeated twice and the total discharge were 246 

consistent within 10% error range. The CFD model was driven by boundary conditions 247 

from the MASS1 model on the same day at 2pm PST. The CFD simulated streamwise 248 

velocity (vy) vs. depth profiles at 1/6, 1/3, 1/2, 2/3, and 5/6 width of the four cross 249 

sections were compared with ADCP measurements, and overlaid on the spatial 250 

distributions of the percentage difference between ADCP measurements and CFD 251 

predictions over the transect-averaged ADCP streamwise velocity (Figure 5). The 252 

comparisons suggested that the CFD simulation results captured the velocity profiles 253 

and patterns reasonably well with over 80% of the area having differences less than 20% 254 
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of the mean velocity. In some cases such as the cross-sections C and D, noticeable 255 

deviations can be observed near the bed. This may be due to the uncertainties of the 256 

ADCP measurements, the spatial resolution of the CFD model and the geometry used 257 

in the CFD model. In addition, the river stage raised about 0.2 m during the measuring 258 

period, which may also lead to the deviations between the measurements and the 259 

simulation results.  260 

CFD simulated river surface elevations along the study reach were compared 261 

with the MASS1 simulated stage every 200 m along the study reach (Figure 6). In each 262 

segment, the CFD simulated stage were extracted from every node within the segment 263 

and presented as box plots against the MASS1 simulations. The comparisons showed 264 

that the CFD model adequately captured the general gradient of the flow surface. 265 

Greater stage variations were observed in the CFD simulations because MASS1 is a 1-D 266 

model which cannot predict the wave heights and the stage differences from two sides 267 

of the islands. The validation results of flow velocity profiles and river stage suggested 268 

that pressure heads assigned to the subsurface domain in the CFD model captured the 269 

spatial distribution and magnitude of the reality. 270 

Next, the CFD simulated hyporheic fluxes were validated with temperature 271 

based flux estimates. We quantified point hyporheic exchanges by combining 272 

temperature measurements and inland water table and flow conditions. The 273 

temperature data was measured by sensors (iButton® DS1922L) at five locations along 274 

the west bank of the river (see Figure 1). The monitoring locations were selected based 275 

on the local hydrodynamic conditions and river bed properties. From north to south, 276 

sites A and B are located in the secondary channel with relatively low flow velocities 277 

and small sediment sizes on the river bed, while sites D and E are located in the 278 

primary channel with relatively high flow velocities and large grain sizes in riverbed. 279 

Site C is in the transient zone between sites B and D. All sensors were programmed to 280 
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record every 10 minutes from 2 March  to 30 March 2016. The vertical hyporheic fluxes 281 

at these monitoring sites were estimated using a method that combines a Maximum 282 

Likelihood estimator (LPML) developed by Vandersteen et al. [2015], a 1-D heat transfer 283 

model described in Turcotte and Schubert [1982], and a regression relationship between 284 

flow conditions and hyporheic fluxes [see Zhou et al. 2017 for details]. Three flow 285 

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

scenarios, representing the high flow (i.e., March 10th), median flow (i.e., March 28th), 287 

and low flow (i.e., March 8th) conditions, respectively (Figure 7A). The CFD simulated 288 

vertical flux rates across the river bed were exported from the three simulation 289 

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

The comparisons suggest that most of the hyporheic fluxe rates at the five iButton sites 291 

were predicted within the ranges indicated by the ibutton-based estimates, and the CFD 292 

model adequately captures the differences between primary and secondary channels in 293 

terms of magnitudes of fluxes. Due to limitations such as accessibility, we were unable 294 

to validate the hyporheic flux rate in deep water by measurements. However, the CFD 295 

simulated spatial patterns of vertical fluxes over the riverbed (Figure 7B) did agree with 296 

field observations [e.g. Gerecht et al., 2011] and numerical modeling results [e.g. Boano et 297 

al., 2008] from other studies, featuring strong exchanges near the bank and weak 298 

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

2.2.3 CFD modeling setups 300 

The validated CFD model was then used to investigate the reach-scale hyporhic 301 

exchange under different flow conditions. A historical period from 1 January 2008 to 31 302 

December 2014 was selected to provide representitive CFD modeling flow conditions, 303 

during which the Well 2-3 data and MASS1 output both are availabe and continuous. 304 

We randomly selected 50 daily flow conditions for the surface flow and the inland 305 

water table level to drive the CFD model. These flow condition samples were 306 
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representitive of this period as they have similar empirical distribution functions to 307 

those based on data from the entire period (Figure 8). We assume that the reach-scale 308 

hyporheic exchange rate is highly related to the river discharge (stage) and the inland 309 

water table level. Therefore a response surface analysis was conducted based on the 50 310 

simulation cases to quantify the historical hyporheic exchanges. 311 

3. Results 312 

The 50 simulation results were analyzed at the reach scale. For each case, we 313 

aggregated the vertical fluxes at the riverbed over the study domain but discarded 314 

those within the first and last 200 meters of the domain to avoid numerical uncertainties 315 

near boundaries. By doing so, the net hyporheic exchange for the entire river segment is 316 

calculated and denoted as reach-scale hyporheic exchange rate (QZ). The rates range 317 

from -3.33 m3 s-1 to 1.55 m3 s-1 over the 50 cases. Figure 9 shows the spatial distributions 318 

of vertical fluxes of the modeling domain at the lowest and highest river discharge (QR) 319 

(Figure 9 A, B) and at the strongest hyporheic zone discharging (maximum QZ) and 320 

strongest recharging (minimum QZ) conditions (Figure 9 C, D). The results revealed 321 

that stronger hyporheic exchanges always occurred along the shoreline in shallow 322 

water area, with magnitudes of the fluxes ranging between ±5×10-6 m s-1. The results also 323 

suggest that low flow (Figure 9 A, C) and high flow conditions (Figure 9 B, D) are 324 

usually associated with discharging and recharging conditions in the hyporheic zone, 325 

respectively. However, the river discharge is not monotonically related to the reach-326 

scale hyporheic exchange. That is, the highest river discharge does not imply the 327 

strongest recharging condition and vice versa. Previous studies at the point scale in our 328 

study reach [Fritz and Arntzen, 2007; Zhou et al., 2017] suggest that the point-scale 329 

hyporheic exchange flux was linearly related to the head difference between the river 330 

stage and the inland water table level, indicating that the inland water table elevation 331 

(h) is another major factor that controls the reach-scale hyporheic flux (QZ). Here we 332 
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empirically related the QZ to the QR and h by constructing a response surface using a 1st 333 

order polynomial function (Eq 2) with a R2 of 0.8 (Figure 10). 334 

 𝑄𝑧 = −0.002356𝑄𝑅 + 4.998ℎ − 519.5 (2) 335 

Based on this response surface, values of QZ for the study domain over a seven-year 336 

period (i.e., from January 2008 to December 2014) were estimated based on water level 337 

measurements from Well 2-3 and river discharge data from the MASS1 model (Figure 338 

11). The results suggested that about 70% of the time the hyporheic zone in our study 339 

domain is under recharging conditions from the river to subsurface with a median Qz of 340 

~-0.6 m3 s-1 or ~0.02% of the median river discharge. By analyzing the seasonality of the 341 

time series, we find that the hyporheic zone discharge always occurs in the early fall 342 

(e.g. September) with a mean Qz of about 0.1 m3 s-1. This might be caused by the rapid 343 

dropping in river stage during this period. 344 

4. Discussion and conclusion 345 

In this study, we introduced an approach to infer reach-scale hyporheic exchange 346 

rates based on numerical simulations combining with the stage-flux relationship. The 347 

strength of this approach is that it considers short-term river stage variations imposed 348 

by flow regulations (i.e., dam operations). Such short-term variations rarely occur in a 349 

natural river except for during a big flooding event. This assumption was supported by 350 

the field data at our study site [Zhou et al. 2017] manifested as prompt head variations 351 

created by river stage fluctuations as a results of releases from the upstream 352 

hydroelectric dam. However, it may not be generally applicable to other fluvial systems 353 

if there is a confined aquifer with its pressure driven by more distant locations such as 354 

natural rivers with constant groundwater discharge. In small highland rivers, local 355 

geomorphological features such as riffles and pools might be a greater dominant factor 356 
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than the head difference in controlling hyporheic exchange rates [Crispell and Endreny, 357 

2009; Byrne et al., 2014]. 358 

A coupled CFD model was employed to simulate hyporheic exchange dynamics 359 

under various flow conditions. Although the CFD model was parameterized and forced 360 

by field measurements and observations, it is subject to uncertainties rooted from the 361 

following sources: 1) uncertainty about the thickness of geological units. For this study, 362 

we simplified these units as horizontal layers with constant thicknesses across the 363 

domain. However variations of the boundary between the highly permeable Hanford 364 

layer and Ringold layer with a low permeability could be up to 4 m along the shoreline 365 

of the 300A area, therefore could significantly affect local hyporheic flow directions and 366 

magnitudes [Slater et al., 2010]. 2) the physical properties of the geological units, such as 367 

sediment permeability and grain sizes. The values currently used in the CFD model are 368 

either from literature or from point measurements in the riverbed (e.g., by extracting 369 

freeze cores [Hou et al., 2016]), therefore does not represent the heterogeneity over the 370 

whole domain. 3) the bathymetry data and the associated meshing in the CFD model. 371 

The bathymetry data were taken in 2008 and used to validate surface flow 372 

hydrodynamics measured in 2016. Although the segment of the Columbia River in the 373 

study domain is relatively stable, the geometry of the channel still gradually changed 374 

over time. For example, a land slide occurred in 2015 reshaped the east bank of the 375 

channel about 2km downstream of the northern boundary of our study reach. There are 376 

also uncertainties associated with the boundary conditions to the CFD model, such as 377 

the simulations from the MASS 1 hydrodynamic model. 378 

By examining the spatial distribution of vertical fluxes at the riverbed over the 379 

study domain, we found that the direction of hyporheic fluxes at some areas (e.g. the 380 

fluxes are always positive in some areas between the two major islands) regardless the 381 

direction of QZ. This indicates that even in large regulated rivers, some hyporheic fluxes 382 
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may still be dominated by the local geomorphological features [Cardenas et al., 2004]. 383 

The hyporheic flow is controlled by hydrostatic and hydrodynamic drivers. The 384 

hydrostatic driver is determined by the flow height and tends to be more influential 385 

beneath the larger, emergent topographic features; while the hydrodynamic driver is 386 

determined by local flow velocity fields and tends to drive shallow hyporheic flows 387 

through pathways that are typically shallower than the stream depth [Boano et al., 2014]. 388 

This also suggests that the consistent hyporheic fluxes near the islands may not go too 389 

deep into the sediment. 390 

Based on the CFD simulations for the 50 scenarios we established an empirical 391 

relationship for reach-scale hyporheic exchange estimations. This simple method allows 392 

us to extend the study domain from a single segment of the river to the whole 393 

watershed when taking into account water table information from large-scale 394 

groundwater models such as from MODFLOW applications (e.g. over the Yakima Basin 395 

by Ely et al. [2011]). One limitation of this study is that we treat the segment as a straight 396 

channel and only vertical flux was calculated. In a meandering river, a combination 397 

with lateral flux estimation is necessary when accounting for fluvial geomorphic 398 

features such as valley slope and channel sinuosity [Cardenas, 2009]. In addition, the 399 

depth of the permeable layer is an important factor that may control the magnitudes of 400 

vertical and lateral hyporheic fluxes, which also needs to be taken into account in large 401 

scale surface water - groundwater interaction studies. 402 

To summarize, in this study, a coupled CFD model, validated by the field 403 

observations and other modeling results, was employed to simulate the reach-scale 404 

hyporheic dynamics. Our estimates suggest that from 2008 to 2014 about 70% of the 405 

time the hyporheic zone in the study domain was under recharging conditions with the 406 

median hyporheic discharge of about -0.6 m3 s-1. This approach is general and 407 

extendable to other natural and managed river reaches for quantifying hyporheic 408 
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exchange dynamics as well as the residence time of water and solute in the hyporheic 409 

zone. It helps developing parameterizations of hyporheic exchanges in larger scale 410 

models by relating the estimated fluxes with river discharge through simple relations, 411 

such as the simple response surface constructed in this studies, and combining with 412 

geomorphological and hydrogeological characterizations of river reaches for watershed 413 

scale applications [e.g. Gomez-velez and Harvey, 2014].  414 
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 584 

Figure 1 Study site 585 

  586 
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 587 

Figure 2 Diagram of the work flow for model configuration 588 

and validation 589 

  590 



29 

 

 591 

Figure 3 Subsurface configuration in the CFD model 592 

(transect C in Figure 1) 593 

  594 
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 595 

Figure 4 Permeability of the alluvium layer (right panel) 596 

estimated from the maximum grain size generated from 597 

underwater video footage (left panel). 598 

 599 

 600 
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Figure 5: Comparison between CFD simulated streamwise 603 

velocity (vy) profiles with ADCP measurements at Cross Sections 604 

A to D as marked in Figure 1. Color-coded lines are vy vs. depth 605 

profiles at 1/6, 1/3, 1/2, 2/3, and 5/6 width of the cross sections. 606 

Grey scale contour maps show the percentage of differences 607 

between ADCP measurements and CFD predictions. 608 

  609 
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 610 

Figure 6 Comparison between CFD-simulated river stages 611 

with those from MASS1  612 

  613 
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 614 

Figure 7: Comparison of hyporheic fluxes on the river bed 615 

between the CFD simulations and iButton measurements. A: 616 

Flow conditions and inland water stages during the iButton 617 

measurement period; B: CFD simulated hyporheic fluxes on the 618 

river bed for the low, median, and high flow conditions; C: 619 

Comparison of hyporheic fluxes along the shoreline between the 620 

CFD simulations and iButton measurements. 621 

  622 
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 623 

 624 

Figure 8 Comparison of empirical CDFs of discharges (left 625 

panel) and inland water table levels (right panel) derived based 626 

on all historical daily records over the period of 2008 to 2014 with 627 

the 50 selected flow conditions used as the CFD simulation 628 

inputs. 629 

  630 
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 631 
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Figure 9 Spatial distribution of vertical fluxes over the 632 

modeling domain at the lowest river discharge (A), highest river 633 

discharge (B), as well as strongest hyporheic zone discharging 634 

condition (C) and strongest recharging condition (D).  635 
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 636 

 637 

Figure 10 Fitted surface of the net vertical hyporheic 638 

discharge over the riverbed of the entire study domain as a 639 

function of river discharge and inland water table level at the 640 

monitoring well based on the CFD simulations. 641 
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 644 

 645 

Figure 11 Historical inland water level (A), river discharge 646 

(B) and estimated vertical discharge of the study reach (C) from 647 

2008 to 2014 648 

 649 

 650 
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 652 

Table 1 Physical parameters used in the simulations 653 

Parameters 
Aquifer unit 

Alluvium layer Hanford 
Ringold 

gravel 
Ringold 

lower mud 

Porosity 0.18 0.373 0.294 0.351 
Horizontal 

permeability (m2) 
estimated from 

grain size 
1.23×10-

8 
1.93×10-

9 
2.53×10-15 

Vertical 
permeability (m2) 

estimated from 
grain size 

1.23×10-

9 
6.76×10-

10 
6.8×10-16 

 654 

 655 

  656 



41 

 

 657 

Supplementary Materials for 658 
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Quantifying hyporheic exchange dynamics in a highly 660 

regulated large river reach 661 
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S.1 the Computational Fluid Dynamic (CFD) Model 673 

STAR-CCM+ CFD software [CD-adapco, 2015] was used for 3-dimensional surface 674 

and subsurface flow simulations. The numerical model involves solving the mass and 675 

momentum conservation equations for fluid dynamics. The mass conservation equation 676 

is  677 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑣⃗)=0, (1) 

where 𝜌 is fluid density, 𝑣⃗ is velocity vector, and 𝑡 is time. With the Boussinesq 678 

hypothesis [Schmitt, 2007], the RANS [O.Reynolds, 1895] momentum equation is in the 679 

form of 680 

𝜕(𝜌𝑣⃗⃗)

𝜕𝑡
+ ∇ ∙ (𝜌𝑣⃗𝑣⃗) = −∇𝑝 − ∇ ∙ [𝜇(∇𝑣⃗ + ∇𝑣⃗𝑇)] + 𝜌𝑔⃗, (2) 

where 𝑝 is pressure, 𝑔⃗ is gravity acceleration, and 𝜇 is effective viscosity, which can be 681 

calculated as 682 

𝜇 = 𝜇𝑚 + 𝜇𝑡. (3) 

𝜇𝑚 is molecular dynamic viscosity, and 𝜇𝑡 is turbulent viscosity. In this study, for 683 

acquiring the flexibility on the mesh, realizable 𝑘 − 𝜀 two-layer turbulence model and 684 

two-layer all 𝑦+ wall treatment are used [Versteeg and Malaasekera, 1995; Liu et al., 2012; 685 

CD-adapco, 2015]. Therefore 𝜇𝑡 is calculated by a blending function as follows: 686 

𝜇𝑡 = 𝜆𝜇𝑡|𝑘−𝜀 + (1 − 𝜆)𝜇𝑡|𝑡𝑤𝑜−𝑙𝑎𝑦𝑒𝑟. (4) 

𝜇𝑡|𝑘−𝜀 is turbulent viscosity derived from the realizable 𝑘 − 𝜀 model (Shih et al., 687 

1995), and 𝜇𝑡|𝑡𝑤𝑜−𝑙𝑎𝑦𝑒𝑟 is turbulent viscosity derived from a two-layer formulation 688 

through the Wolfstein model [Wolfstein, 1969]. 𝜆 is a blending factor, which is a function 689 

of Reynolds number depending on the wall distance [Jongen, 1998]. The VOF model is 690 

applied for simulating and tracking the water-air interface: 691 

𝜕𝛼𝑤

𝜕𝑡
+ ∇ ∙ (𝑣⃗𝛼𝑤) = 0,  (5) 
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where 𝛼𝑤 is the water volume fraction. The fluid density 𝜌 and molecular dynamic 692 

viscosity 𝜇𝑚 become 693 

𝜌 = 𝛼𝑤𝜌𝑤 + (1 − 𝛼𝑤)𝜌𝑎 , (6) 

𝜇𝑚 = 𝛼𝑤𝜇𝑚𝑤 + (1 − 𝛼𝑤)𝜇𝑚𝑎 , (7) 

where 𝜌𝑤 is water density, 𝜌𝑎 is air density, 𝜇𝑚𝑤 is water molecular dynamic viscosity, 694 

and 𝜇𝑚𝑎 is air molecular dynamic viscosity. 695 

 696 

In the subsurface domain, because the magnitude of velocities is very small, by 697 

adding a large viscous resistance term for subsurface porous media, the momentum 698 

equation (2) is simplified to [Huang and Ayoub, 2006] 699 

∇𝑝 = −𝑅̿𝑣𝑣⃗  (8) 

𝑅̿𝑣 is the viscous porous resistance tensor. For the subsurface domain, it can be 700 

assumed as 701 

𝑅̿𝑣 =

[
 
 
 
 
𝜇𝑚

𝑘𝐻
0 0

0
𝜇𝑚

𝑘𝐻
0

0 0
𝜇𝑚

𝑘𝑉 ]
 
 
 
 

  

(9) 

𝑘𝐻 and  𝑘𝑉 are the horizontal and vertical permeability respectively.  702 

 703 

The simulation domain is divided into two sub-domains: the surface flow region 704 

and the subsurface flow region, which share the river bed surface as the interface. For a 705 

given set of boundary conditions, including the upstream river stage, averaged 706 

upstream river water velocities, the downstream river stage, the model spins up surface 707 

water dynamics to an equilibrium state by assuming the riverbed as a non-penetrable 708 

wall. The pressure field at the river bed surface (Figure S1) and VOF field are then 709 
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extracted from the surface flow region and applied to the subsurface flow domain as the 710 

upper boundary condition. By applying the pressure and VOF boundary conditions on 711 

the river bed, the velocity, pressure, and VOF in the subsurface flow region can be 712 

solved by Eqs. (1), (5) and (8). Meanwhile, flow velocities across the river bed can be 713 

solved as well in the subsurface region, and an instantaneous map of simulated 714 

hyporheic fluxes on the river bed is shown in the subsurface flow region in Figure S1. 715 

This coupling strategy is therefore a one-way coupling approach because fluxes on the 716 

river bed are not fed back into the surface flow region to inform its simulation. There 717 

are two main reasons to using the one-way coupling. Firstly, the magnitude of the 718 

hyporheic flux (~ 1 × 10−6 𝑚/𝑠) is negligible, compared to the velocity of surface water 719 

(~1 𝑚/𝑠) in the river channel . Secondly, the turbulent flow velocity profile near the 720 

river bed in the surface flow region  is derived from the turbulence wall function 721 

[Versteeg and Malaasekera, 1995; Liu et al., 2012; CD-adapco, 2015] instead of using the 722 

simple Dirichlet boundary condition at the river bed. However, the available wall 723 

functions cannot handle the situation that flux penetrates the boundary wall.  724 

S.2 MASS1 model  725 

The Modular Aquatic Simulation System in one-Dimension (MASS1) model was 726 

developed at the Pacific Northwest National Laboratory. and has been applied to a 727 

variety of problems in the Columbia River basin. Richmond et al. [2002] applied MASS1 728 

to analyze several dissolved gas reduction strategies for Columbia and Snake River 729 

dams; Richmond and Perkins [2002] used MASS1 to simulate temperature in the lower 730 

Snake River; McMichael et al. [2005] estimated dewatering time histories at a salmon 731 

spawning location using MASS1; and MASS1 was used by Tiffan et al. [2002] to supply 732 

stage and discharge boundary conditions to a two-dimensional model of the Hanford 733 

Reach. MASS1 simulates steady and unsteady flow in rivers and canals by solving the 734 

one-dimensional, cross-section averaged equations of mass and momentum 735 
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equation was derived based on Manning’s equation with the Manning’s n values 737 

ranging from 0.022 to 0.029 for the Hanford Reach. This range is consistent with 738 
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Calendar years 1998-2000 were used to validate the MASS1 model simulation 740 

results. In each simulated year, there was a strong linear relationship between 741 

simulated and observed stage. The R2 values between the stages were greater than 0.9 742 

during the validation period with average bias about ±0.03m. Generally,MASS1 743 

simulated hourly stage with an MAE of less than 0.15m and with a bias of less than 0.06 744 

m, indicating that the MASS1 results were very close to the observations at the hourly 745 
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